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     The only thing that is the same about sludge is that it is all different. 
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Abstract 
This research is aimed at solving two major operational issues the wastewater treatment 
plant of Monsanto in Antwerp was coping with at the end of 2004. At first, inexplicable 
periodic deteriorations of the activated sludge settling resulted frequently in sludge 
losses from the final clarifier. And secondly, the Centridry® installation, used to reduce 
the waste sludge volume by the combination of mechanical dewatering and thermal 
drying, was performing significantly below its designed capacity. The latter was more 
specifically caused by two bottlenecks, that is (i) the high vibrations of the decanter 
centrifuge and (ii) the unexplainable phenomenon of dryer fouling by build-up of drying 
solids on the dryer wall, inducing substantial operational downtime. Moreover, the 
investigation of this peculiar fouling phenomenon is seriously impeded by the design of 
the Centridry® - the design which makes it, at the same time, also a unique technology. 
By combining both unit operations, dewatering and drying of the sludge, in one 
enclosed machine, the Centridry® inherently rules out sampling and, hence, analysis of 
the dewatered cake leaving the centrifuge and thus entering the drying stage. The lack 
of information on this intermediate product forms a serious drawback from a research 
and optimization point of view.  
A 3-year study of the varying Ca++ and Na+ concentrations in the wastewater has been 
conducted, in relation to the changing sludge settling characteristics. Two mechanisms 
are demonstrated to exist by which Ca++ ions influence the bioflocculation and so the 
sludge settleability: (i) in accordance with the Divalent Cation Bridging Theory 
(DCBT), the divalent Ca++ ions exchange the monovalent Na+ ions from the sludge 
flocs, bridging the individual flocs into larger and stronger flocs that settle better; (ii) 
the low soluble CaCO3, formed in the biodegradation basin, precipitates from the water, 
and is enmeshed within the floc structure, making the flocs heavier and so settling 
better. Hence, in the case of a Ca++ depletion from the wastewater (when the only Ca++ 
supplying plant on site goes in shutdown), the sludge settleability starts to worsen over 
time as a result of (i) the floc disintegration, and (ii) the continuous wasting of the (old) 
heavy (CaCO3) flocs, being replaced by new grown sludge flocs without the heavy 
solids incorporated in the floc structure. The first objective of this research, avoiding the 
sludge settling to deteriorate to such an extent that solids losses manifest in the clarifier 
overflow, is being accomplished by adding CaCl2 to the wastewater in order to avoid the 
complete floc disintegration to happen when the influent is for a longer period deficient 
in Ca++. Conclusively, Ca++ ions are of upmost importance for the bioflocculation, and, 
hence, for the sludge settleability. 
In the second part of this research, two lab tests are introduced to (i) simulate the sludge 
dewatering in the decanter centrifuge (that is, to simulate the important intermediate 
product of the Centridry®) and (ii) to map the sticky behavior of drying sludge (that is, 
to make the fouling issue in the Centridry® tangible). A 4-year follow-up of the 
centrifugal dewaterability of the Centridry® sludge feed has been conducted at lab scale. 
It is emphatically demonstrated that the dryness of the dewatered sludge cake is mainly 
governed by the sludge CaCO3 fraction, with a high sludge inorganic fraction yielding a 
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higher cake dryness. Up to a sludge inorganic fraction of 55%, the cake can be made 
‘wet’ again by reducing the amount of inorganic clay conditioner to the Centridry® feed. 
Furthermore, the lab protocol to map the stickiness of the sludge provides information 
of equal importance to better understand the fouling issue in the dryer. The drying of 
sludge is, worldwide, cumbersome because of its sticky phase. When partially dried it 
behaves as a sticky, gluey substance that likes to cling on a dryer wall. An explanation 
for this physical consistency is proposed to be found in the 3-dimensional structure of 
extracellular polymeric substances (EPS) surrounding the micro-organisms, which 
achieves its strongest (plastic, pasty) configuration when the sludge is partially dried. 
The sticky phase, i.e., the range of dryness wherein it behaves most sticky, depends on 
the sludge inorganic fraction as well, with a high sludge inorganic fraction (and thus a 
low EPS content) resulting in a higher sludge dryness ‘needed’ to come in the sticky 
phase. Further, it is shown that the intrinsic stickiness of sludge can be reduced by 
adding pure polyaluminiumchloride (PACl) to waste sludge. It is postulated that this 
salient feature of PACl conditioning is due to the large Al13-clusters and their associated 
hydrated water. When present on the exterior of the drying flocs, these (artificially 
added) clusters of bound water (water shields) act as some kind of lubricant for the 
intrinsically sticky solids. This stickiness mitigating effect of pure PACl addition to 
waste sludge is a totally new application of PACl.  
In addition to both lab tests, a statistical model is obtained for the fouling propensity, 
based on a 5-year data base with operational experience. This empirical model clearly 
demonstrates that the sludge characteristics, resulting from the cations in the incoming 
wastewater, govern the fouling probability, with sludge characterized by a high 
inorganic fraction (excellent dewaterability) corresponding with a higher chance of 
dryer fouling.  
The second objective of this research, increasing the Centridry® capacity, is then 
accomplished as follows. The vibrational bottleneck is eliminated by substantially 
reducing the centrifuge speed of rotation, from 3165 rpm to 2500 rpm. Next, the fouling 
of the sludge dryer is managed by a two-fold control strategy: (i) for sludge with an 
inorganic fraction below a threshold of approximately 55%, a wet cake after the 
centrifuge is aimed for, by lowering the inorganic clay addition to the sludge feed 
(making ‘wet cake’); (ii) for sludge that dewaters to such a high extent that making ‘wet 
cake’ is not an option anymore, pure PACl is added to the sludge feed. The latter 
strategy is dealing with reducing the sludge’s intrinsic stickiness, whereas the former is 
‘post-poning’ the sludge’s sticky phase to occur only after the drying solids have passed 
the most sensitive places at the entrance of the dryer before behaving most sticky. By 
doing so, the Centridry® capacity could be increased with 107%. 
In conclusion, this PhD study made the optimization of the industrial-scale Centridry® 
installation possible by unraveling the relation between the micro-scale activated sludge 
floc structure and the changing cation concentrations in the wastewater. 
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Samenvatting 
Dit onderzoek werd eind 2004 gestart om twee operationele problemen van de 
waterzuivering van Monsanto (Antwerpen) op te lossen. In de eerste plaats werden 
regelmatig onverklaarbare actief-slibverliezen waargenomen in de overloop van de 
nabezinkers. Daarnaast liep de Centridry® installatie, waarmee het volume van het 
spuislib wordt verminderd door een combinatie van mechanische ontwatering en 
thermische droging, beduidend onder de ontworpen capaciteit. Dit werd veroorzaakt 
door twee capaciteitsbeperkende factoren, i.e. (i) hoge trillingen van de decanter 
centrifuge en (ii) het onverklaarbare fenomeen van het vervuilen van de droger door 
opbouw van drogend slib aan de drogerwand, met oponthoud van de slibverwerking als 
gevolg. Het onderzoek naar dit moeilijk begrijpbaar fenomeen werd daarenboven 
belemmerd door het ontwerp van de Centridry® zelf - het ontwerp dat tegelijkertijd dit 
systeem tot een unieke technologie maakt. Door het combineren van de beide 
eenheidsoperaties, ontwateren en drogen van het slib, in één gesloten toestel, is 
staalname en analyse van de ontwaterde cake na de centrifuge (aan het begin van de 
droger) immers onmogelijk. Het gebrek aan elke informatie van dit tussenprodukt is een 
belangrijk nadeel vanuit het oogpunt van onderzoek en optimalisering. 
Het effect van de veranderende Ca++ en Na+ concentraties in het afvalwater op de 
slibbezinkingseigenschappen werd gedurende 3 jaar onderzocht. Twee mechanismen 
werden aangetoond waarmee de Ca++ ionen in het water de vlokvorming van het slib, en 
hierdoor de slibbezinkingseigenschappen, beïnvloeden: (i) in overeenstemming met de 
zogeheten Divalent Cation Bridging Theory (DCBT), kunnen de tweewaardig positieve 
Ca++ ionen de enkelwaardige Na+ ionen van het slib uitwisselen, waardoor initieel 
afzonderlijke vlokjes door de Ca++ met elkaar worden verbonden (bridging) tot grotere 
en sterkere vlokken die beter bezinken; (ii) het weinig oplosbare CaCO3 slaat in het 
aeratiebekken neer uit het water en wordt ingebouwd in de actief-slib structuur, 
waardoor de vlokken zwaarder worden en dus beter bezinken. In het geval dat de Ca++ 
ionen uit het afvalwater verdwijnen (wanneer de enige fabriek waarvan het afvalwater 
Ca++ bevat, stopt met produceren) verslechtert de slibbezinkbaarheid als gevolg van (i) 
het uiteenvallen van de vlokken en (ii) het continu verwijderen (spuien) van het zware 
(CaCO3) slib, welk op dat moment vervangen wordt door nieuw, lichter slib. Het eerste 
onderzoeksdoel, i.e. het voorkomen van slibverliezen uit de nabezinkers door het 
vermijden dat het slib te slecht begint te bezinken, wordt bewerkstelligd door het 
toevoegen van CaCl2 aan het water indien nodig. Dit belet dat de slibvlokken volledig 
uit elkaar vallen. Algemeen kan besloten worden dat Ca++ ionen zeer belangrijk zijn 
voor de vlokvorming en als dusdanig voor de slibbezinkbaarheid. 
In het tweede luik van dit onderzoek werden twee labtests geïntroduceerd om (i) de 
slibontwatering in de centrifuge te simuleren (i.e., om het belangrijke tussenprodukt van 
de Centridry® te simuleren) en (ii) het kleefgedrag van drogend slib in kaart te brengen 
(i.e., om het vervuilingsprobleem in de droger te visualiseren). Gedurende 4 jaar werd 
de ontwaterbaarheid van de slibvoeding naar de Centridry® opgevolgd in het 
laboratorium. Hieruit blijkt dat een hogere anorganische CaCO3 fractie zorgt voor een 
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betere slibontwatering. De droge stof van het ontwaterd slib kan opnieuw verminderd 
worden door minder klei additief toe te voegen aan de Centridry® slibvoeding, voor slib 
met een maximaal anorganisch gehalte van ± 55%. Vervolgens geeft de test om het 
kleefgedrag van het slib in kaart te brengen even waardevolle informatie. Wereldwijd 
wordt het drogen van actief slib bemoeilijkt door de kleeffase van drogend slib. Als slib 
gedeeltelijk gedroogd is, gedraagt het zich als een kleverige substantie die gemakkelijk 
aan een drogerwand blijft kleven. Een verklaring hiervoor is te vinden in de 3-
dimensionale structuur van de extracellular polymeric substances (EPS) die de micro-
organismen omgeeft; als het slib deels gedroogd is, vertoont dit biopolymeer-mengsel 
zijn sterkste kleefeigenschappen. Er werd ook aangetoond dat slib met een hoge 
anorganische (lage organische) fractie slechts kleeft vanaf een hogere droge stof 
concentratie. Vervolgens werd tijdens dit onderzoek ontdekt dat de intrinsieke 
kleverigheid van het slib kan verminderd worden door het toevoegen van 
polyaluminiumchloride (PACl). Er wordt vooropgesteld dat de grote Al13-structuren met 
hun gehydrateerd water (die ontstaan als PACl aan water wordt toegevoegd), een 
watermantel aanbrengen rondom de vlokken, die dan als een soort van glijmiddel dienst 
doet en zo het kleefgedrag van het slib vermindert. Het toevoegen van PACl aan 
spuislib is een totaal nieuwe toepassing van dit produkt.  
Naast het onderzoek met de twee labotesten, werd ook een statistisch model opgesteld 
ter bepaling van de kans op vervuiling van de slibdroger, gebruik makend van de 
operationele gegevens over een periode van 5 jaar. Het bekomen empirisch model geeft 
duidelijk weer dat de kans op drogervervuiling sterk afhangt van het soort slib, welk 
ontstaat ten gevolge van de kationen in het afvalwater. Slib met een hoge anorganische 
(CaCO3) fractie, en dus gekenmerkt door een uitstekende ontwaterbaarheid in de 
centrifuge, geeft meer kans op operationele problemen in de droger. Het tweede 
onderzoeksdoel, nl. het verhogen van de Centridry® capaciteit, werd als volgt bereikt. 
De trillingen van de centrifuge werden beduidend verminderd door het toerental van de 
centrifuge te verlagen van 3165 tot 2500 tpm. Het vermijden van vervuiling in de droger 
wordt bekomen door een tweevoudige controlestrategie: (i) voor slib met een 
anorganische fractie kleiner dan ongeveer 55% wordt natte cake nagestreefd na de 
ontwatering in de centrifuge (begin van de droger), zodat het drogend slib pas door de 
kleeffase gaat op een (voor de vervuiling) minder gevoelige plaats, verder in de droger; 
(ii) voor slib dat uit zichzelf zo goed ontwatert dat natte cake maken geen optie is, 
wordt pure PACl aan de slibvoeding toegevoegd om de intrinsieke kleverigheid van het 
slib te verminderen. De Centridry® capaciteit werd hierdoor verhoogd met 107%. 
Samenvattend kan besloten worden dat de optimalisering van de industriële Centridry® 
installatie slechts mogelijk werd door onderzoek uit te voeren op micro-schaal naar de 
veranderende slibeigenschappen, als gevolg van de wijzigende kationenconcentraties in 
het te behandelen afvalwater. 
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Chapter 1  
 
General Introduction 
 
1.1 The wastewater treatment plant of Monsanto Antwerp 
The wastewater treatment plant (WWTP) at the Monsanto Europe site in Antwerp, 
Belgium, is a conventional activated sludge process (Figure 1-1) (Gray, 2004), treating 
the wastewater of 8 manufacturing plants on site. Suspended aggregates of 
microorganisms, called activated sludge, convert the biodegradable organic matter 
(expressed here as total organic carbon, or TOC) into carbon dioxide and new biomass. 
The biodegradation basin is divided in three separate compartments. In the first anoxic 
compartment, no oxygen is supplied so that NO3- (present in one of the influent streams) 
is converted to N2 gas (denitrification process) breaking down a major part of the TOC 
present in the influent streams. The rest of the TOC breakdown is accomplished in the 
consecutive second and third aerobic compartments, by adding pure oxygen to the 
wastewater. The WWTP includes two parallel (identical) systems, the so called West 
and East system. An important factor for this particular WWTP are the periodic changes 
in the Ca++ and Na+ concentrations in the influent stream and, hence, in the wastewater 
surrounding the activated sludge flocs. After the biological breakdown of the 
contaminants in the biodegradation basin, the biomass is separated from the treated 
water in the clarifier by simple gravity settling and recycled to the beginning of the 
biodegradation basin (Recycle Activated Sludge, RAS) to act as an inoculum of 
microorganisms for further breakdown of new incoming TOC (Gray, 2004). Part of this 
RAS stream is sent as excess sludge (Waste Activated Sludge, WAS) to the combined 
centrifuge-dryer system (Centridry®) to be reduced in volume. The average sludge 
retention time (SRT) is 30 days. Fine sludge flocs which do not settle in the clarifier are 
removed in the flotation unit (Dissolved Air Flotation, DAF) with addition of coagulant 
(polyaluminiumchloride, PACl) and an anionic polymer as flocculant. The sludge 
removed from this flotation unit is also sent to the Centridry® system.  
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1.2 Sludge production, treatment and disposal   
Treatment of industrial and domestic wastewater generates huge amounts of excess 
activated sludge. In Europe alone, the activated sludge production in 2003 reached 
approximately 8 million tons of dry matter, being equivalent with a sludge production 
rate of 60 g dry solids/person/day on average for the European Union Member 
Countries (Sanin et al., 2011). According to Chen et al. (2007) this production even 
amounts to 90 g dry solids/person/day on average in European countries. As the 
operating cost for sludge treatment is responsible for about 50% of the total operating 
cost of the whole WWTP (Sanin et al., 2011), sludge growth minimization techniques 
are extensively being studied (see, e.g., Wei et al., 2003). However, the remaining 
sludge still has to be treated.  
As the cost of handling wastes increases continuously, drying of sludges has become of 
great interest to industry. This interest is, e.g., documented by two theme issues of 
Drying Technology edited by Chen and Kudra (2002) and Lee (2006). By lowering the 
water content below 5-10% on a humid basis, the sludge volume (and related cost) is 
reduced for further downstream processing like storage, transportation and (co-) 
incineration. In addition, through its low level water content, the sludge is transformed 
into an autothermally combustible material. Because sludge drying is an energy 
intensive process, reducing the solids concentration by mechanical dewatering is an 
important unit operation used before thermal drying (Chen et al., 2007; Wakeman, 
2007a; Kudra and Mujumdar, 2009). Most of the dewatering–drying technologies used 
in industry rely on a separate dewatering step in vacuum filters, belt filter presses, 
centrifuges, and membrane filters (Chen et al., 2007; Mayer, 2008a; Wakeman, 2007a) 
after which the dewatered sludge is fed to a stand-alone drying unit. This requires 
intermediate storage and conveying of dewatered or dried products. In contrast, the 
Centridry® system developed by Baker Process (Schilp et al., 2000), and marketed in 
the UK by Euroby Ltd., has a simple layout without any requirement for intermediate 
storage, pumping, or conveying as it combines centrifugal dewatering and thermal 
flash-drying in a compact machine with a small footprint.  
 
1.3 Centridry® technology 
The Centridry® system, developed in the early 1990’s and installed in some 18 plants 
worldwide (Brown and Caldwell, 2002; Denuell and Godwin, 2005), offers a unique 
single-stage process that combines conventional centrifugal dewatering with hot-gas 
flash-drying, both processes taking place in a single compact and enclosed machine 
(Schilp et al., 2000; O’Connor et al., 2004; Denuell and Godwin, 2005; Peeters, 2010). 
The first Centridry® started operating in Grünick, Germany, in 1993 (Brown and 
Caldwell, 2002). Figure 1-2 shows a flow scheme of Monsanto’s Centridry® system. A 
special feature of the Centridry® technology is that a high-solids decanter centrifuge 
(Centripress®) is used in the heart of a direct sludge dryer (KHD Humboldt, 1996; 
1999). A design of the well-established high-solids decanter centrifuge (Leung and 
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Havrin, 1992; Leung, 1998a; Leung, 1998b) has been modified by casing the centrifuge 
with an insulated jacket to form an annulus into which the solids from dewatered sludge 
are discharged to be then flash-dried when transported pneumatically with a stream of 
hot gas.  
The feed towards the centrifuge-dryer system consists of a mixture of (i) excess 
activated sludge (WAS); (ii) the sludge originating from the plant’s flotation unit 
(further denoted by flotation sludge); and (iii) clay as depicted in Figure 1-2. The clay is 
added to improve the sludge dewatering, demonstrated to be efficient during earlier 
research by means of capillary suction time (CST) measurements (Peeters and Herman, 
2007) and spin tube tests (Peeters et al., 2009a). It serves as a filter aid, which, in 
general, is a particulate material used as pre-coat/body feed to enhance sludge 
deliquoring (Tarleton and Wakeman, 2007). Lai and Liu (2004) describe the physical 
conditioners of sludge as skeleton builders, so that a permeable and more porous rigid 
lattice structure is formed, which remains porous under high pressure during mechanical 
dewatering, by analogy with inorganic precipitates present in the floc structure, which 
also act as skeleton builders to assist in the sludge dewatering (Zhao and Bache, 2001; 
Zhao, 2002; Chen et al., 2006). The liquid sludge/clay mixture with a solids 
concentration ranging from 1.5 to 4% DS that enters the centrifuge is finally 
conditioned with a cationic polymer to enhance flocculation and to help phase 
separation of the cake and moisture in the decanter centrifuge.  
 
1.3.1 Mechanical dewatering of sludge in a decanter centrifuge 
 
The decanter centrifuge is shown schematically in Figure 1-3. The main constituent 
parts of the decanter centrifuge (with some specifications of the Monsanto centrifuge) 
are (i) a solid bowl (rotor) of cylindrical-conical shape, with a length of 1.8 m and a 
diameter of 0.5 m in the cylindrical part and 0.3 m at the end of the conical part, which 
is rotating with high speed (max. 3165 rpm); and (ii) an internal Archimedian (left-
handed) screw conveyor with a pitch of 16 cm, rotating in the same direction as the 
bowl (counterclockwise, viewed from the direction of the cylindrical to the conical part; 
indicated in Figure 1-8), at a slightly slower (differential) speed to the bowl (ranging 
from 1 to 5 rpm). 
In the high-solids decanter centrifuge, the sludge solids are mechanically dewatered to 
approximately 20-25% DS (dry substance), but this depends significantly on the sludge 
feed characteristics. The dewatering is accomplished by a combination of G-force and 
pressing (Schilp et al., 2000).  
The first stage in the high-solids decanter centrifuge starts with the clarification, i.e., the 
settling of the flocculated solids in the cylindrical section of the bowl under influence of 
the centrifugal force. The heavier sludge flocs setlle down to the bowl wall, while the 
less dense water phase forms a concentric inner layer. The clarified water (centrate) 
flows spirally along the helix of the screw in the direction of the liquid discharge ports 
and decants over weirs at the cylindrical end of the machine (similar to river water 
flowing over a dam), leaving the centrifuge.  
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On the other hand, the sludge solids adjacent to the bowl wall are continuously 
conveyed by the screw conveyor towards the solids discharge end, that is, the opposite 
end of the bowl compared to the water. The cake follows a complicated cork-screw 
motion as it is transported along the helical channel formed by adjacent conveyor blades 
(Leung, 1998b). During its transportation in the centrifuge, after an initial sedimentation 
and filtration phase where the particles begin to touch one another (Novak, 2006), the 
initial loosely-packed solid structure is compressed to form a much tighter arrangement 
as a result of the high centrifugal compaction stress (Leung, 1998a). The particles are 
subjected to interparticle forces whereby a network structure is formed. In this structure, 
the particles experience compressive forces due to the network pressure from the weight 
of the overlying sediment. The compressive stress is transmitted downwards (i.e., to the 
bowl wall) throughout the continuous linked structure and as a result the sludge cake is 
consolidated. At the same time, interstitial water is squeezed out of the tight structure 
(compaction) (Novak, 2006; Hwang and Chou, 2006) under the centrifugal force which 
is referred to as expression (Leung, 1998a). The water in the sludge cake matrix 
percolates upward away from the bowl wall (in the opposite direction to the movement 
of the compacting solids), toward the upper cake layer, which is less compact and 
consequently more pervious to flow (Leung, 1998a). The water removal from the 
sludge, by increasing the compressive stress on the flocs, is well compared by Novak 
(2006) to squeezing water from a sponge.  
The second (pressing) stage takes place in the conical section (beach) of the bowl where 
the sludge cake is subjected to a biaxial pressing (KHD Humboldt, 1996). The design of 
the screw provides a churning/massaging action of the conveyor blades pressing the 
sludge cake in the axial direction which, in combination with the (radial) centrifugal 
compaction, further compresses the solids to release water.  
 
 
 
Figure 1-3: Main components of the decanter centrifuge (adapted from Andritz). 
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Torque  
 
Besides high G-force, a high cake inventory in a high-solids decanter centrifuge is 
necessary for sludge cake compaction (Leung, 1998a). This is accomplished by 
operating the high-solids decanter centrifuge virtually full of cake, at “near-plugging” 
condition. The annular space between the conveyor hub and the bowl wall is almost 
completely filled up with sludge cake, as depicted in Figure 1-3 (Leung and Havrin, 
1992; Leung, 1998a; 1998b; 2000). Long solids residence time, and so high solids 
build-up, is made possible by operating the high-solids decanter centrifuge at a very low 
differential speed as low as 1 rpm.  
Centrifugal dewatering of sludge results in very intense frictional forces between the 
cake and the conveyor blades which results in high conveyance torque to move the 
sludge cake along the machine. Conveyance torque, that is, the rotational reaction of the 
conveyor to the resistance of cake movement required to turn the conveyor inside the 
bowl (expressed in terms of force times radius at which the force is acting) (Records 
and Sutherland, 2001), generally increases as a consequence of either, or a combination 
of, higher solids throughput, higher G-force, higher cake solids inventory and drier cake 
solids for certain sludges (Leung, 1998b). Regarding the latter, according to Leung 
(1998b), for some sludges the torque increases gradually with increasing cake dryness, 
while for others it rises very steeply after a critical cake dryness is reached 
corresponding to a dramatic change of the cake physical rheological behavior, which 
will be denoted the sticky phase in the remainder of the text. In short, 
centrifugation/sludge-conditions that make solids transport inside the bowl more 
difficult will increase the torque necessary to convey the cake and overcome the friction 
involved. 
Leung (1998b) compares a high-solids decanter centrifuge with a rheometer. A coaxial 
cylinder viscometer or rheometer is commonly used to measure the viscosity of a liquid. 
A liquid sample is placed in an annulus formed between the stationary outer cup and the 
inner rotating cylinder. The rotor can be set at a prescribed rotation speed while the 
rotor torque is measured. A high-solids decanter mimics a large rheometer for 
measuring the rheological behavior of concentrated fluid cake where continuous inflow 
and outflow of cake material is maintained. The differential speed (between bowl and 
screw conveyor) is analogous to the rotation speed of the inner rotor of the rheometer, 
and the recorded torque provides a measure of the rheology of the concentrated sludge 
cake (Leung, 1998b). 
Hybrid torque-differential control mechanism 
 
Because of the low differential speed, it takes much longer to arrive at steady-state 
conditions and, in practice, the process never reaches steady state and is always in a 
transient condition (Leung, 1998a, 1998b). A hydraulic motor driving the screw 
conveyor is used together with a hybrid torque-differential control mechanism to 
compensate for the ever-changing conditions.  
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The hydraulic pressure needed for the motor to rotate the conveyor is proportional to the 
torque (Leung and Havrin, 1992). The hybrid control mechanism is depicted in Figure 
1-4 which is based on centrifuge data gathered over a timeframe of approximately 2.5 
year. Every data point is the day-average value of the hydraulic pressure versus the 
accompanying day-average differential speed.  Initially, during start-up and feed ramp-
up, the differential speed remains at the base speed of 1 rpm. Once the hydraulic 
pressure increases beyond the prescribed setting of 87 bar, indicative for a centrifuge 
loaded with a certain amount of sludge solids, the differential speed increases such that 
more solids are conveyed out of the decanter. When the hydraulic pressure (torque) 
decreases again, the hybrid control scheme compensates by lowering the differential 
speed again. This cycle of increasing and decreasing differential speed continues as 
frequent as needed. 
 
 
Figure 1-4: Hybrid torque (hydraulic pressure) differential control mechanism of the centrifuge. 
 
1.3.2 Thermal drying of sludge cake in a flash dryer  
 
The partially dewatered solids cake is discharged at a high circumferential velocity of 
60-80 m/s (Rumocki, 1995; Schilp et al., 2000) through the centrifuge discharge ports, 
and disintegrated into finely dispersed particles upon collision with a stationary impact 
cone (Figure 1-2; detail in Figure 1-5) mounted inside the casing that covers the 
centrifuge bowl and thus forms the cyclone-type chamber as described by Schilp et al. 
(2000). In other words, the cake discharge part of the decanter centrifuge has an 
auxiliary function serving as a fast rotating atomizer of the wet solids cake into ultra 
fine particles (Schilp et al., 2000). The fine-grained particles spray is immediately 
entrained (picked up and conveyed) in a hot drying sweep gas at 230°C to 260°C. This 
hot sweep gas coming from the hot gas generator enters the space between the bowl and 
the casing (the insulated cyclone chamber with a diameter of 1.1 m) (see Figure 1-8) 
and immediately carries the fine particles along helical paths in a matter of seconds to 
the solids discharge end of this cyclone chamber (Schilp et al., 2000). Due to the high 
specific surface area of the particles, drying rates are extremely high so the temperature 
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of the conveying gas is dramatically reduced to typically 130-150°C right after the 
cyclone chamber. The drying process continues over the short residence time of the gas-
solid mixture as it flows in the pneumatic duct with a length of approximately 38 m 
towards the conventional solid-gas cyclone. In this cyclone the particles are further 
dried to the final moisture content, separated from the gas stream, discharged via a 
rotary valve and conveyed with a screw conveyor to the stockpile. The finally dried 
product is typically in the range from 80 to 99% DS, and its temperature ranges 
typically from 50 to 90°C. The particle size of the final dried product ranges from 10 
µm to 1 mm (Figure 1-6). 
The drying gas, being a mixture of flue gas from the burner and partially recirculated 
drying gas from the cyclone, is drawn through the system by the main circulating fan 
and is re-heated in the hot gas generator. A small bleed of excess vapors is taken and 
exhausted by a small blower to a series of two scrubbers, in order to remove residual 
fines and volatiles before being discharged to the atmosphere. 
 
 
 
Figure 1-5: Detail of centrifuge discharge ports 
and impact cone (Courtesy of Euroby Ltd.).  
 
Decanter
centrifuge
Hot drying air 
entering cyclone
chamber
Disintegration
of cake
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Figure 1-6: Floc size distribution (FSD) of raw sludge from the biodegradation 
basin, clay conditioner and final dried product. The photograph shows final dried 
product.   
 
The overall retention time of each sludge particle within the flash dryer is extremely 
short, only a matter of seconds (Schilp et al., 2000; O’Connor et al., 2004), as drying 
occurs “in a flash” (Christiansen and Sardo, 2001). This is in contrast to the relatively 
long residence time of the sludge in the high-solids decanter centrifuge typically being 
in the order of 10 minutes (Leung, 1998a; Peeters et al., 2009a). The Centridry® system 
at the Monsanto Antwerp plant has a water evaporation rate of 600 kg/hour. According 
to Sanin et al. (2011), the flash dryers are among the most commonly used dryers in 
wastewater sludge drying. 
 
Dryer fouling  
 
Solids build-up (fouling) in the flash dryer is monitored by the on-line underpressure 
measurement after the cyclone (see Figure 1-2). A decrease of this underpressure 
indicates that solids sticking to the dryer wall cause a reduction of the internal diameter 
for the solids/sweep gas to flow through. Typical time trends of this underpressure are 
depicted in Figure 1-7 for a period of frequent sludge solids clinging on the dryer wall 
(left side) and for a period where dryer fouling is not an issue at all (right side). In case 
the underpressure is lower than a pre-determined setting, the sludge feed towards the 
Centridry® has to be stopped, hence no additional cake is ejected in the flash dryer. 
When the built-up solids layer (lump) in the dryer has totally dried up (with the sweep 
gas still entering the dryer, but at a lower 200 °C), this fouling comes loose from the 
dryer wall and sludge feeding can recommence. It is evident that these feeding stops 
have to be reduced to a minimum.  
The photo at the left side of Figure 1-8 is taken after removal of the upper casing, 
which, when mounted on the lower casing, forms the cyclone chamber when the system 
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is operational. It shows the discharge end of the decanter centrifuge, the impact cone 
and the entrance of the cyclone chamber (i.e., the beginning of the flash drying stage) in 
case of fouling issues. Product built-up is observed at the impact cone, and a big lump 
of product is clinging to the dryer wall of the cyclone chamber, at the place where the 
product hits the dryer wall before it starts its ‘helical paths’ in the cyclone chamber. At 
the right side of Figure 1-8, a detail of the fouling at the impact cone is presented, to be 
compared with Figure 1-5 after cleaning.  
 
 
Figure 1-7: On-line measurement of the underpressure after the cyclone, and the 
Centridry® sludge feed. At the left side, the underpressure drops frequently making 
flushing of the system necessary to remove the solids built-up. At the right side 
underpressure remains stable, indicative for no product sticking to the dryer wall.  
 
 
Figure 1-8: Photographs to illustrate (at the left) the fouling at the impact cone and the 
dryer wall at the beginning of the cyclone chamber (upper casing removed); and (at 
the right) a detail of the fouling at the impact cone (to be compared with Figure 1-5).  
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1.4 Main goals of the research 
Being the starting point of this research, in November 2004, the WWTP of Monsanto 
Antwerp was dealing with two key operational issues:  
 
(i) regular upsets through massive solids losses in the clarifiers overflow as a 
result of inexplicable deteriorations over time in the sludge settling properties, 
with poorly settling solids washed out from the clarifiers, a phenomenon that 
disappeared after some time, yet without knowing the mechanism behind;  
 
(ii) poor performance of the Centridry® system. The design capacity of the 
Centridry® is 200 kg biosolids/h, but, instead, the average total solids 
throughput in the 2-year period prior the optimization starting at the end of 
2006, was only 102 kg solids/h consisting of 77 kg biosolids/h and 25 kg 
clay/h. In other words, the Centridry® system was performing at 39% of its 
designed capacity (i.e., 77 instead of 200 kg biosolids/hour). The poor 
performance of the Centridry® was more specifically caused by two 
bottlenecks:  
 the high baseline of mechanical vibrations of the decanter centrifuge, 
limiting the maximum feasible solids feed, and, obviously, shortening the 
centrifuge lifetime before a next mechanical overhaul was needed; 
 the periodical manifestation of the incomprehensible phenomenon of 
regular fouling in the dryer, i.e., drying solids build-up on the dryer wall 
(up to 3 times a day), reducing the Centridry® capacity once more.  
The surplus of waste sludge beyond the Centridry® instantaneous capacity has 
to be dewatered with the filter presses on site, yielding only 40% DS, with a 
significant impact on the total waste sludge handling cost. 
 
It is no coincidence that in the foregoing description the word ‘phenomenon’ is used 
twice as it indicates the complete lack of any (scientific) knowledge and insight in the 
underlying mechanism(s) causing these problems. The goal of this research was 
therefore to elucidate the causes for the two key operational issues, and to both:  
(i) avoid the sludge settling to deteriorate to such an extent that solids losses from 
the clarifiers occur, and   
(ii) increase the biosolids throughput of the Centridry® installation. 
 
To reach these goals, it is necessary to develop additional monitoring tools to enable the 
characterization of the sludge within the Centridry® because, due to its closed, black box 
configuration, no direct samples of the sludge can be analyzed. 
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1.5 Chapter-by-chapter overview 
This thesis is organized in 8 chapters. An overview of the different chapters is presented 
in Figure 1-9 and a brief description of the chapters is given below. 
 
In Chapter 1, the WWTP of Monsanto Antwerp is described with special emphasis on 
explaining the Centridry® technology. In the next Chapter 2, a literature survey 
encompasses (i) the role of calcium in the bioflocculation process; (ii) the stickiness 
phenomenon of drying sludge and (iii) a description of polyaluminiumchloride 
coagulants. The experimental lay-out and procedures are addressed in Chapter 3. 
In Chapter 4, the focus is entirely on the identification of the reasons behind the 
changes in the intrinsic sludge settling properties. For this, after a literature study, a 
detailed investigation is conducted to verify the possible role of the significantly 
changing cation concentrations in the wastewater. Gradually, when it became clear that 
the sludge characteristics varied largely over time, also in terms of its dewaterability, 
more evidence is gathered that these changes in sludge quality also have a major impact 
on the centrifuge-dryer system used to dewater and dry these solids. This is also 
confirmed by a first statistical analysis of the binary fouling phenomenon in the dryer 
which is later on confirmed using an extended data base. 
However, a major drawback to allow gaining further insight in the Centridry® black-box 
(it is one enclosed compact machine wherein sludge of about 3% DS is fed and, if 
everything goes well in transit, 95% DS solids are ejected some minutes later) is the 
lack of any information on the dryness of the sludge cake solids after the mechanical 
dewatering step, i.e., at the beginning of the flash drying stage. Therefore, Chapter 5a 
is devoted to the introduction of a centrifugal compaction test on lab scale to have a 
reliable lab simulation of the centrifugation process in the field. From that moment on, 
sludge compaction tests were frequently conducted in the lab on samples taken from the 
sludge feed to the Centridry® in the field. This way, an important part of the black-box 
is tackled: the variations in the dewatered sludge cake (in the lab and, hence, in the 
field) due to the changing sludge characteristics become tangible and visible. Besides, 
the effect of the clay addition to the sludge is investigated in Chapter 5a. The effect of 
sludge conditioning with polyelectrolyte, CaCl2 and PAX-14 polyaluminiumchloride 
coagulant on the sludge centrifugal dewaterability is addressed in Chapter 5b. 
In Chapter 6, a new lab protocol is introduced to map the sticky phase of drying sludge 
in a simple and reliable manner. This way, once more another important part of the 
black-box is tackled: the peculiar fact that drying sludge can stick onto the dryer wall 
became obvious thanks to the mapping of the sticky phase of the Monsanto sludge. 
Moreover, in June 2009, (based on former observations from the addition of flotation 
sludge containing PAX-14) an experiment was conducted in the field by adding pure 
PAX-14 directly into the Centridry® sludge feed, yielding an excellent performance of 
the system. Certainly in the case the sludge dewaters to a high cake dryness (which 
would otherwise result in a (at first sight, surprisingly) very poor Centridry® 
performance) PAX-14 preconditioning has become a prerequisite for a high solids 
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throughput. In Chapter 6, the positive impact of PAX-14 is shown in terms of its impact 
on the sludge’s sticky phase. 
In Chapter 7, the optimization of the Centridry® is described. First, it is described how 
the vibrational bottleneck of the decanter centrifuge was eliminated. Next, based on a 
binary logistic regression model, the mechanism behind the dryer fouling is elucidated, 
taking into account the knowledge regarding the varying sludge characteristics 
(dewaterability) as a result of the varying cation concentrations in the water, and the 
existence of the sticky phase. The way how the sludge stickiness is managed is 
described. 
In Chapter 8, the general conclusions of this dissertation are presented as well as some 
recommendations for future research subjects. 
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1.6 Contributions of this thesis 
 The main contribution of this research is the linkage that is made between the 
activated sludge floc characteristics, influenced by cations in the wastewater, and 
the performance of an industrial centrifuge-dryer system. Through the micro-scale 
insights in the lab of calcium and sodium ions influencing the sludge floc structure, 
the optimization in the field of the mega-scale installation has become possible. 
Theory (scientific literature) and practice (data mining, setting up appropriate lab 
protocols, executing field tests) were combined to understand, and to subsequently 
resolve, an industrial scale problem.    
 Based on extended data bases, this research has contributed to the better 
understanding of the central role of calcium in the sludge flocculation process, as a 
key feature for the performance of a major part of an activated sludge based 
WWTP. The relative importance of the exchangeable calcium fraction and the 
calcium solids fraction in the sludge floc on the sludge settling is demonstrated. 
 Two new lab protocols are described in this thesis to (i) simulate the centrifugal 
dewatering of sludge in the lab, and (ii) to map the sticky phase of drying sludge. 
Both protocols can be expected to have a broad application by researchers in the 
field of sludge centrifugal dewatering and sludge drying. 
 The sticky phase of sludge is mapped and discussed in a much broader sense than 
one comes across in literature, and the underlying mechanism for its existence is 
proposed.  
 An important contribution of this research is the invention of a new application of 
polyaluminiumchloride (PACl) coagulant as a conditioner of waste sludge prior to 
dewatering and drying, to reduce the sludge’s intrinsic sticky behavior when the 
water content is gradually reduced. It can be expected that other sludge handling 
installations will benefit of sludge conditioning with PACl in the future. 
1.7 Publications and conference participations derived 
from this thesis 
For the list of publications inferred from this PhD research, reference is made to the List 
of Publications at the end of this manuscript. 
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Chapter 2  
 
Literature Survey 
 
This chapter starts, in Section 2.1, with presenting an overview of the existing literature 
on the effect calcium ions have on the activated sludge bioflocculation, settling and 
dewatering. Next, in Section 2.2, the literature regarding the stickiness phenomenon of 
drying sludge is presented. Finally, in Section 2.3, it is described what poly-
aluminiumchloride coagulant is. 
2.1 The central role of Ca++ in the bioflocculation process 
2.1.1 Activated sludge flocs 
 
The activated sludge process for aerobic wastewater treatment is based on the growth of 
microbial populations, particularly bacteria, in flocculated form, known as sludge flocs 
(Jorand et al., 1995). That is, the basic operational unit of activated sludge is the floc 
which is a cluster of several million bacteria bound together (Gray, 2004). Sonification 
studies by Jorand et al. (1995) to disrupt the sludge flocs, showed that the structure of 
sludge is comprised of three levels. The first level is made up of bacteria (approximately 
2.5 µm) which, tightly bound together by a gel matrix, form the second level of 
structure, the microcolonies with a median diameter of approximately 13 µm. These 
microflocs, or, primary flocs, act as the building blocks for the final activated sludge 
flocs (secondary flocs), held together by a network of extracellular polymeric 
substances (EPS) and divalent cations. There is a wide range of particle sizes in the 
activated sludge process ranging from individual bacteria of between 0.5 and 5.0 µm, up 
to large flocs, some of them larger than 1 mm in diameter (Gray, 2004). 
The dry matter of the sludge flocs, in general, is made of 60 to 90% organic matter, and, 
hence, 40 to 10% inorganics but this depends on the nature of the wastewater (Gray, 
2004; Wilén et al., 2003). Higgins et al. (2004b) report an inorganic fraction of 60% for 
sludge with a low sludge volume index (SVI) of 20 mL/g, and an inorganic fraction as 
high as 75 to 85% is reported by Kjellerup et al. (2001) for sludge with a very low SVI 
of 4 to 8 mL/g.  
Bacteria require K+ and Mg++ and to a lesser extent Ca++ and Na+ for optimal growth 
(Sanin et al., 2006). Trace amounts of these cations are required to ensure that bacterial 
Chapter 2 - Literature Survey 
 
18 
 
enzymatic reactions can occur (Conn et al., 1987; Gray, 2004). K+ has the additional 
function of maintaining the cell’s osmotic pressure (Sanin et al., 2006). K+ and Mg++ are 
mainly considered as intracellular ions, whereas Ca++ is an extracellular ion. 
Bioflocculation, the complex process of floc formation or aggregation of microbial cells 
formed during the breakdown of organic matter in the wastewater, is of prime 
importance for the performance of an activated sludge WWTP because it directly affects 
the sludge settleability and dewaterability. These two key sludge characteristics are 
obvious concerns in the daily operation of activated sludge WWTPs, because (i) after 
the biodegradation of organic contaminants from the wastewater in the biodegradation 
basin, for the activated sludge system to work effectively, the biomass must settle in the 
subsequent sedimentation step (secondary clarifier) to ensure solids free effluent water; 
and (ii) the downstream operating cost for waste sludge treatment is mainly determined 
by the efficiency of a mechanical dewatering step of the sludge, possibly followed by a 
thermal drying step (Chen et al., 2007). According to Jones and Schuler (2010), with 
wastewater treatment as the largest biotechnology application in the world, 
sedimentation of the activated sludge flocs is likely one of the largest scale solids 
separation process in existence. These issues explain the very active research on the 
complex process of sludge floc formation (e.g., Jorand et al., 1995; Cousin and 
Ganczarczyk, 1999; Biggs and Lant, 2000; Biggs et al., 2001; Novak et al., 2001; Wu et 
al., 2002; Jarvis et al., 2005).  
 
2.1.2 Extracellular polymeric substances (EPS) and the surface 
charge of sludge flocs 
 
Microorganisms produce biopolymers that are released outside the cell wall, into the 
exocellular environment. These extracellular polymeric substances (EPS) originate from 
biological synthesis, metabolic excretion, lysis products, or the shedding of cell surface 
material and are found outside (on) the cell surface. The term “EPS” is used as a 
comprehensive concept for different classes of macromolecules such as carbohydrates 
(polysaccharides), proteins, nucleic acids, and lipids (FrØlund et al., 1996; Higgins and 
Novak, 1997a; Jin et al., 2003; Jin et al., 2004; Sanin et al., 2006; Sanin et al., 2011). 
According to Sanin et al. (2011), the ranges for the different EPS components are about 
40-95% polysaccharides, 1-60% proteins, 1-10% nucleic acids and 1-40% lipids; the 
ranges being wide as they are strongly depending on the microbial system and 
operational conditions of the WWTP. For example, Sanin et al. (2006) report a higher 
protein-to-carbohydrate ratio in the EPS with increasing sludge retention time (SRT) 
and decreasing carbon-to-nitrogen ratio in the feed. The latter is explained by the fact 
that nitrogen is an essential constituent of proteins which are polymers of amino acids, 
having an amino functional group (NH2) next to a carboxyl group (COOH) bound on a 
central carbon atom (Conn et al., 1987; Ye et al., 2011). EPS are a major component of 
flocs, next to microbial cells and water, and the mass of total EPS in a floc can be 
substantial, up to 50-60% of the sludge organic fraction (Wilén et al., 2003). The 
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molecular mass of EPS ranges from a few thousands to several hundred thousands 
Dalton (Guibaud et al., 2005; Avella et al., 2011). 
The biopolymers can be tightly bound to the cell wall or can be a slimy, gelatinous 
material that is only loosely adherent to the cell surface (Li and Yang, 2007; Sanin et 
al., 2011). They form a 3-D gel-like and highly hydrated matrix outside the cell 
surfaces, which encapsulates the bacteria and aids in their aggregation to form flocs. 
Hence, EPS can be regarded as the glue or cement to hold together microbial aggregates 
in biofilms and activated sludge flocs (Le-Clech et al., 2006). The tangled network of 
cross-linked extracellular polymers (Mikkelsen et al., 2002) stick together individual 
microorganisms, microflocs (formed by different bacteria) and other components (such 
as organic and inorganic constituents of the wastewater and microbial origin) in a 
definite shape and size (Sanin et al., 2011). A floc model for activated sludge is shown 
in Figure 2-1 (after Sanin and Vesilind, 2000). From the physico-chemical viewpoint, 
Wang et al. (2006) propose that the EPS covering a cell surface can be regarded as 
polyelectrolytes adsorbed onto a colloidal particle.  
 
 
 
Figure 2-1: Proposed activated sludge floc model (after: Sanin and Vesilind, 2000). 
 
Sludge flocs have a net negative charge at the typical wastewater pH of 6.5-8.5, which 
is mainly due to the ionization of functional groups like carboxyl, sulphate and 
phosphate groups present on the EPS (Sobeck and Higgins, 2002; Wilén et al., 2003). 
For example, proteins may have both a positive and negative charge, as a result of 
respectively ionized amino (i.e., NH3+) and ionized carboxyl groups (i.e., COO-), but at 
neutral pH most proteins are overall negatively charged (Conn et al., 1987), thus 
contributing to the negative charge of the flocs. The total negative surface charge (SC) 
of flocs is in the range of -0.1 to -0.7 milli-equivalent (meq)/ g volatile suspended solids 
(VSS) depending on the composition of the EPS present (Shin et al., 2000; Liao et al., 
2001; Sponza, 2002, 2003; Jin et al., 2003; Mikkelsen, 2003). For example, Shin et al. 
(2000) (Figure 2-2) show that the SC is less negative in case the carbohydrate-to-protein 
ratio of the EPS is increased from 0.8 (SC of -0.7 meq/g VSS) to 2 (SC of -0.4 meq/g 
VSS). Also according to Wilén et al. (2003), the proteins have the largest influence on 
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the surface properties. The isoelectric point (IEP) of most bacteria, i.e., the pH where 
the microorganisms have no net charge, is in a pH range from 2 to 3 (vanLoon and 
Duffy, 2011). 
Next to its function of gluing together bacterial cells in stable flocs (Mikkelsen and 
Keiding, 2002) and biofilms, other functions of the EPS include the formation of a 
protective barrier around the bacteria against environmental changes, retention of water 
(Keiding et al., 2001; Sanin et al., 2011) and adhesion to surfaces (Körstgens et al., 
2001;Yeo et al., 2007).  
 
Figure 2-2: Relationship between the surface charge and the  
carbohydrate-to-protein ratio in the EPS (after: Shin et al., 2000). 
 
2.1.3 Bioflocculation mechanisms 
 
Several mechanisms have been suggested as being involved in the bioflocculation. They 
can be listed as physical entanglement of EPS, hydrophobic interactions, alginate-like 
gel formation (egg-box model), double layer theory (Derjaguin, Landau, Verwey, 
Overbeek or DLVO theory) and the divalent cation bridging theory (DCBT) (Sobeck 
and Higgins, 2002; Wilén et al., 2008).  
Hydrophobic molecules are, in general, non-polar or non-charged molecules. Since 
these molecules are less capable of interacting electrostatically or establishing hydrogen 
bonds with water, they less readily mix in water, and they should therefore contribute to 
the binding together of the sludge flocs (Liao et al., 2001; Jin et al., 2003). Internal 
hydrophobic interactions of sludge particles (by, e.g., lipids) are believed to be essential 
in the bioflocculation at a cell surface level (Wilén et al., 2003). The formation of 
alginate gels in the presence of calcium ions is another suggested bioflocculation 
mechanism in literature. The aggregation of this polysaccharide is specific for calcium, 
and the resulting gel is referred to as the egg-box model (Sobeck and Higgins, 2002). 
The DLVO theory is a classical colloidal theory, describing charged particles as having 
a double layer of counterions surrounding the particle (Sobeck and Higgins, 2002). As 
the double layer surrounding the negatively charged sludge flocs is compressed by the 
addition of cations, the repulsive forces between the sludge flocs decrease, promoting 
aggregation. 
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Sobeck and Higgins (2002) compared the alginate theory, DLVO theory and DCBT, 
and they concluded that the latter best describes the bioflocculation with cations playing 
an important role. 
 
2.1.4 Divalent Cation Bridging Theory (DCBT): the effect of Ca++ on 
the sludge bioflocculation, settling and dewatering  
 
As a result of its net negative charge, sludge flocs posses a high adsorptive capacity for 
cations and can be considered as a medium for ion exchange. For many years, the 
positive effect of divalent cations, and in particular the role of Ca++ and Mg++, in the 
process of bioflocculation has been emphasized by many researchers. In 1969, Tezuka 
reported that a good flocculent growth was observed of Flavobacterium species, a 
predominant bacterium of activated sludge, in the presence of both Ca++ and Mg++ 
(Tezuka, 1969); and Turakhia et al. (1983) suggested that Ca++ was essential for the 
structural integrity of a biofilm. More recent lab-scale, pilot-scale and full-scale 
(industrial) studies indicated that the removal of Ca++ from sludge flocs through ion 
exchange mechanisms weakens the floc structure resulting in a deterioration of the 
settling and dewatering properties (Bruus et al., 1992; Chang et al., 1997; Higgins and 
Novak, 1997b, 1997c; Keiding and Nielsen, 1997; Murthy et al., 1998; Novak et al., 
1998; Sobeck and Higgins, 2002; Higgins et al., 2004a, 2004b; Peeters and Herman, 
2007; Kara et al., 2008; Nguyen et al., 2008; Peeters et al., 2011d). It was inferred from 
these studies that, in contrast to the positive impact of divalent cations on the sludge 
characteristics, an excess of monovalent cations like Na+ and K+ in the wastewater can 
cause floc structures to deteriorate.  
  
 
Figure 2-3: Illustration of divalent cation bridging  
within floc matrix (after: Sobeck and Higgins, 2002). 
 
The divalent cation bridging theory (DCBT) has been used to describe the interactions 
between divalent cations in the wastewater and the EPS produced by microorganisms in 
activated sludge systems (Higgins and Novak, 1997b; Higgins et al., 2004a, 2004b). 
According to the DCBT, depicted in Figure 2-3, divalent cations like Ca++ and Mg++ 
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bridge the negatively charged functional groups present on the EPS. This bridging helps 
to aggregate and stabilize the matrix of biopolymers and individual bacteria, promoting 
bioflocculation, and consequently improving sludge settling and sludge dewatering. The 
bridging by Ca++ is sometimes referred to as EPS-Ca++-EPS cross-linkage (Ren et al., 
2008; Liu and Sun, 2011). The loss of divalent cations and its bridging functionality 
occurs when sludge flocs are exposed to high concentrations of monovalent cations such 
as Na+ and K+, which results then in a displacement of the divalent cations such as Ca++ 
and Mg++ from the flocs by an ion-exchange-type mechanism, in turn resulting in the 
disintegration of the sludge floc matrix (Higgins and Novak, 1997b; Higgins et al., 
2004a, 2004b). Higgins and Novak (1997b) proposed to use the sum of monovalent 
cations (M+) devided by the sum of divalent cations (D++) present in the wastewater, 
both expressed on a meq/L basis, as a potential indicator to determine whether 
bioflocculation would improve or deteriorate (the so called M+/D++ ratio). They 
concluded that when this M+/D++ ratio in the wastewater is above approximately 2:1, 
poor sludge settling and dewatering can be the result (Higgins and Novak, 1997b).  
Dewaterability is one of the physical properties of activated sludge critically affected by 
the bioflocculation (Sanin et al., 2006). Because the sludge dewaterability is closely 
related to the sludge floc-forming ability (Sanin et al., 2006), the formation of larger and 
more shear resistant (stronger) flocs through Ca++ bridging will improve the sludge 
dewatering properties (Murthy et al., 1998; Sobeck and Higgins, 2002; Higgins et al., 
2004a; Peeters and Herman, 2007; Sanin et al., 2011). Subramanian et al. (2010) use the 
sentence sludge fortification with Ca++ to emphasize the positive effect of the Ca++ ions 
on the sludge floc structure and related improved dewatering. An additional explanation 
for the improved sludge dewaterability in the case of Ca++ addition to the sludge (e.g., in 
the form of CaCl2) is found in the lower values of bound water contents in the sludge as 
reported by Higgins and Novak (1997b), and Jin et al. (2004). And a second additional 
contribution of Ca++ conditioning on an improved sludge dewatering is on account of its 
charge neutralizing effect of the sludge surface (Liu and Sun, 2011), reducing the 
repulsive forces of the flocs. 
In many cases, a high M+/D++ ratio at industrial WWTPs occurs because of high Na+ 
concentrations as a result of sodium-based chemicals used in manufacturing and/or at 
the WWTP itself. In order to further substantiate the DCBT mechanism at full-scale, 
Higgins et al. (2004b) studied the floc properties at the activated sludge WWTP of 
DuPont de Nemours and Company, Inc. which was characterized by a high M+/D++ ratio 
of 48 in the wastewater because of high Na+ concentrations as a result of NaOH 
addition to control the pH. The sludge settling, expressed in terms of the SVI, improved 
significantly from a level of 150 mL/g to a minimum of 20 mL/g after this WWTP had 
switched over from NaOH to Mg(OH)2 neutralization, yielding a reduction of the 
M+/D++ ratio from 48 to less than 1 (Higgins et al., 2004b). It must be mentioned that 
this huge improvement in settling was the result of the combined effect of (i) the DCBT 
mechanism and (ii) enmeshment of Mg++-solids within the sludge floc structure, 
because the inorganic fraction of the sludge flocs increased during a first phase of the 
plant experiment from approximately 15% (at the SVI of 150 mL/g) to 60% (at the 
lowest SVI of 20 mL/g). After the addition point of Mg(OH)2 was changed in a second 
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phase of the experiment, the inorganic fraction decreased again to a level of 25% and 
the SVI increased to 60 mL/g. Finally, after the standard NaOH neutralization was 
restored, replacing again the Mg(OH)2 neutralization, the sludge settling deteriorated 
again according to the DCBT (SVI of approx. 120 mL/g). In conclusion, additionally to 
the DCBT mechanism, enmeshment (incorporation) of solids within the floc structure is 
a second mechanism explaining improved settling and dewatering. This solids 
enmeshment can occur as a result of salts precipitating from the wastewater because of 
their low solubility in water (e.g., Ca++ interacting with alkalinity and thus forming 
CaCO3; van Langerak et al., 2000; Yu et al., 2001; Arabi and Hakhla, 2008; Ren et al., 
2008; Fernández-Nava et al., 2008; Liu and Sun, 2011), or by the artificial addition of 
inorganic ballasting agents to the sludge, like CaCO3 (Piirtola et al., 1999a, 1999b). The 
CaCO3 precipitation occurs because of the formation of carbonates. As a result of 
metabolic activity during the biological breakdown of organic compounds in the 
wastewater, carbon dioxide is produced, which can then (as carbonate), in turn, 
precipitate with calcium. The dissolution of the formed CO2 gas into the water and the 
precipitation of CaCO3 crystals are described by following reactions (Ren et al., 2008; 
vanLoon and Duffy, 2011): 
 
                       CO2 (g)  CO2 (aq) 
                 CO2 (aq) + H2O  HCO3- + H+ CO3-- + 2H+ 
                                   CO3-- + Ca++  CaCO3(s) 
 
Regarding the precipitation of CaCO3, researchers investigated the presence of cells 
and/or EPS mediating the morphology (mineralogy, crystal types) of precipitating 
CaCO3 (Kawaguchi and Decho, 2002; Tourney and Ngwenya, 2009). Tourney and 
Ngwenya (2009) conclude that EPS or bacterial cells preferentially precipitate CaCO3 
as calcite. Inorganic precipitates present in the floc structure act as skeleton builders to 
assist in the sludge dewatering (Zhao and Bache, 2001; Zhao, 2002; Lai and Liu, 2004; 
Chen et al., 2006). 
Sobeck and Higgins (2002), and Higgins et al. (2004b) report that many of the changes 
in settling and dewatering do not reach their full extent until the (full-scale) WWTP is 
being operated for 2 to 3 sludge retention times (SRTs) under the same M+/D++ ratio. 
This is explained by Higgins and co-workers by the process of floc formation. When 
divalent cations are added to the WWTP feed stream, these cations can be incorporated 
into the floc structure during the initial stages of (new) floc formation and growth. That 
is to say, since bacteria are continuously reproducing, the new flocs are being formed in 
accordance to the M+/D++ ratio in the wastewater at the moment of new floc formation. 
The older, existing flocs (formed under the historical M+/D++ ratio in the wastewater) 
will be affected too, but to a smaller extent, by the new M+/D++ ratio in the wastewater 
because not all binding sites will be readily available to the cations. Therefore, the older 
flocs need to be wasted from the system before changes in overall suspension properties 
are realized. This explains why floc properties in full-scale WWTPs reach steady state 
conditions only after 2 to 3 SRTs, because at that moment a majority of the flocs are 
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representative of the new influent (M+/D++ ratio) characteristics (Sobeck and Higgins, 
2002; Higgins et al., 2004b). 
The on-line measurement of the floc size of sludge exposed to different levels of Ca++ 
supports the model that cations are involved in flocculation through cationic bridging 
(Cousin and Ganczarczyk, 1999; Biggs et al, 2001). Biggs et al. (2001) firstly sonicated 
activated sludge to disrupt the sludge into consistently smaller flocs, and secondly 
monitored the re-flocculation of the sludge in a controlled environment at different 
levels of Ca++. They found that (i) the initial rate of reflocculation increased when Ca++ 
was added to the water, and (ii) starting from a Ca++ concentration of 8 meq/L (160 
ppm) a significant increase in final floc size was achieved. 
Also in the field of membrane bioreactors (MBRs), in which the conventional 
sedimentation step of the activated sludge WWTP is replaced by a low pressure 
filtration step, the number of research studies with respect to the impact of cations and 
Ca++ in particular (via the bioflocculation process) on membrane fouling is increasing 
(Kim and Jang, 2006; Arabi and Hakhla, 2008; Hanmin et al., 2009; Van den Broeck et 
al., 2010). 
Despite the indisputable central role of bridging Ca++ in the self-immobilization of 
activated sludge, surprisingly, few studies can be found dedicated to the determination 
of the amount of Ca++ that bridges the floc components. Data regarding the total Ca++ 
present in the sludge flocs can be found in literature as, e.g., reported by Wilén et al. 
(2003) being in the range of 0.4 to 1.1 meq Ca++/g MLVSS and 3.4 meq Ca++/g MLVSS 
reported by Bruus et al. (1992) for sludges containing also other multivalent cations 
than Ca++. Bruus et al. (1992) proposed that approximately half of the total Ca++ pool in 
the activated sludge (thus, 1.7 meq Ca++/g MLVSS) would be associated with the EPS. 
In recent work by Park and Novak (2007), Ca++ was removed from the flocs by cation 
exchanging resin (CER) extraction: sludges with a (very low) total Ca++ concentration 
of 0.3, 0.4 and 0.7 meq Ca++/g Total Solids (TS), and also containing other multivalent 
cations, released respectively about 0.3, 0.3 and 0.5 meq Ca++/g TS. These results of 
Park and Novak also confirm that Ca++ ions are mainly extracellular ions. 
In conclusion, in the sludge bioflocculation process, the role of Ca++ as cross-binding 
agent has been studied extensively over the years and it is now well recognized that 
Ca++ is of utmost importance for the self-immobilization of microbial aggregates. A 
well formed sludge floc is of prime importance for the good settleability and 
dewaterability of activated sludge, the two key sludge characteristics for the proper 
operation of WWTPs based on the activated sludge process. 
2.2 The stickiness phenomenon of drying sludge 
Carleton and Heywood (1983) formulated a general truth in solid-liquid separation 
processes in that many of the problems in these unit operations do not arise from a 
failure of the equipment to perform its basic function, but from difficulties in 
discharging the thickened product and in its subsequent handling. Difficulties arise 
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because conventional designs optimise only the unit operations and do not take into 
account the (changing) nature of the product or possible handling problems.  
In the case of industrial sludge drying operations, stickiness is the prevalent issue as is 
the case for example in the Centridry® system used on Monsanto’s WWTP. Whilst 
wastewater sludge is drying, its consistency changes, i.e., its physical state changes 
from a liquid phase, to a plastic, followed by a crumbly and finally dry-dust phase 
(Gray, 2004). This is illustrated in Figure 2-4. During the course of drying, activated 
sludge passes through a plastic-rubbery, pasty phase at some intermediate moisture 
content range which is referred to as the sticky phase of sludge (Lowe, 1995; Kudra, 
2003; Gray, 2004; Flaga, 2005; Peeters et al., 2011a), or alternatively as the gluey phase 
(Strand and Alsaker, 2009). As the term indicates, when partially dried, the sludge tends 
to agglomerate and adhere to the dryer walls, changing its hydrodynamics as a result of 
lump formation and subsequent growth onto the dryer walls. These lumps result in 
operational problems, hereby significantly reducing the dryer capacity (Peeters, 2010). 
Researchers describe this property of drying sludge appropriately as a phenomenon, to 
illustrate the very little that is known about this complex sludge property (Papadakis and 
Bahu, 1992; Kudra, 2003). The complex nature of stickiness is reflected in the proposed 
concept of a stickiness region by Kudra (2003), defined not only by the material 
moisture content but also by the material temperature. Léonard et al. (2003, 2004) used 
radiographic images to determine internal moisture profiles and crack development 
during the drying of sludge, confirming that sludge drying is very complex due to the 
textural evolution this soft pasty material undergoes, with the organic content and the 
rheological behaviour of the sludge being key parameters. 
 
 
Figure 2-4: Changes in the physical consistency of sludge during 
the dewatering/drying process. When partially dried, sludge turns 
into a plastic-rubbery, pasty phase, referred to as the sticky phase. 
 
In Table 2-1, an overview is presented of the (scarce) data on the sticky phase (and the 
corresponding DS range where it is observed) found in the literature (including some 
websites of sludge dryer building companies), mostly cited here as a general statement 
without referring to the test protocol used (if any). A wide range is reported, e.g., in 
Gray’s reference-handbook Biology of Wastewater Treatment a range of 15-35% DS is 
found (Gray, 2004), whereas a totally different range from 55-70% DS is found in 
Mujumdar’s industry-standard Handbook of Industrial Drying (Chen et al., 2007). 
Obviously, the wide DS range of sticky phases found in the literature demonstrates that 
Liquid Sticky phase Dry‐dust
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WWTP operators cannot just take into account the sticky phase they find somewhere in 
literature and assume it applies for their own WWTP specific sludge. Moreover, stated 
differently, the wide range of sticky phases reported in literature turns this information 
into rather useless information in terms of controlling the sticky issues in one’s own 
sludge dryer application. Due to the scarce information (and confusing information, 
because of the abovementioned wide range on dryness ranges for the sticky phase) 
dealing with this very important sludge characteristic, this stickiness phenomenon 
makes the drying of sludge, worldwide, rather cumbersome, turning the drying of 
activated sludge in a very tough issue operational people have to deal with on a daily 
basis during drying operations in industry (Peeters et al., 2009a, 2010; Peeters, 2010). 
As stated properly by Sanin et al. (2011), most WWTP operators will agree that in terms 
of the headaches and trouble caused, sludge handling is worth about 90% of the 
wastewater treatment system. In the case of sludge drying, it is justified to state that the 
stickiness phenomenon definitely contributes for 95% to these troubles. 
In industry, to avoid the operational problems related to the sticky phase in the sludge 
drying process, a frequently applied practice is to recycle part of the finally dried solids 
into the fresh feed of the dryer, and, hence, to bring the solids concentration above 70% 
DS (Lowe, 1995; Flaga, 2005; Chen et al., 2007; Léonard et al., 2008; Sanin et al., 
2011). At that point, the sludge mixture becomes already crumbly, easier to stir, and 
easier to manage (Sanin et al., 2011). On lab scale, Ma et al. (2007) found that the 
adhesion intensity of drying sludge on the dryer wall in a contact dryer can be greatly 
reduced by applying an electric field onto the wall, migrating part of the water from the 
sludge to the interface between sludge and dryer wall. 
Next to the aforementioned impact on the capacity of direct dryers with active 
hydrodynamic regimes, the sticky behavior of sludge is also reflected in a substantially 
higher torque in indirect paddle dryers (Komline-Sanderson, 2008) when the sludge 
goes through its sticky phase. A higher torque can be experienced as well in the case of 
sludge dewatering with a decanter centrifuge (Leung, 1998b) when the sludge is 
dewatered to such an extent that it already comes in the moisture region where it 
exhibits its sticky character, resulting in the choking of the decanter centrifuge. On lab-
scale, Ferrasse et al. (2002), Kudra (2003) and Arlabosse et al. (2004) used this feature 
of sticky sludge, i.e., the increased torque, to demonstrate the sticky phase of drying 
sludge using continuous torque measurements during experiments on indirect drying of 
agitated municipal sludge in a contact dryer with a mechanical mixer. 
 
Stickiness: a cohesion and adhesion property 
 
The stickiness issues are also experienced in the processing of food products, like (i) in 
the drying and handling of high-fat-containing milk and sugar-rich products, or, even 
more obviously, in the dough handling during bread making (Adhikari et al., 2001; 
Boonyai et al., 2004), as well as (ii) when producing highly hygroscopic, amorphous 
materials (e.g., tomato powder) that can easily regain moisture from humid air (Kudra, 
2003). There is no general consensus as to which factors and forces are involved in the 
stickiness of foods (Adhikari et al., 2001). The stickiness of a food powder refers to 
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both cohesion and adhesion (Papadakis and Bahu, 1992; Adhikari et al., 2001; Boonyai 
et al., 2004). Cohesion is an internal property of a powder and is a measure of the 
forces holding the particles together. Particles upon coming into contact will stick 
together unless the bond between them is broken by applying forces greater than the 
cohesive forces. Cohesion gives rise to caking, solid build-up and lump formation. 
Adhesion, on the other hand, is an interfacial property and is a measure of the forces 
holding the particles to the surface of another material. Tackiness is another word often 
applied to characterize adhesion of sticky material (Adhikari et al., 2001). Papadakis 
and Bahu (1992) describe cohesion and adhesion, respectively, as particle-particle 
stickiness and particle-wall stickiness.  
Some factors affecting the food powder’s stickiness are its moisture (water content), the 
product temperature, the degree of compression and the particle size (Adhikari et al., 
2001). The interaction of water and solids is the prime cause of stickiness and caking in 
low-moisture foods and biological materials, since water acts as a kind of plasticizer. 
Furthermore, the temperature of an amorphous material determines whether the 
mobility of the molecules are in frozen state (glassy) or in viscous mobile (rubbery) 
state: if the temperature of amorphous foods is higher than the so-called glass transition 
temperature, Tg, they will be transformed into a rubbery state that is associated with 
stickiness. In addition, for food powders, higher compression stimulates stickiness and 
caking. Finally, particle size has a profound influence on the cohesive and adhesive 
forces: because the surface forces become more dominant in small particulates, finer 
powders are less free-flowing and their flowability is more difficult; the cohesive and 
adhesive forces are inversely related to particle size.  
As aforesaid in Paragraphs 2.1.2 and 2.1.4, the EPS network around bacteria, promoting 
sludge flocculation in combination with divalent cations like Ca++, should be considered 
as the main factor for the adhesion of sludge to surfaces. Körstgens et al. (2001) 
demonstrated that the mechanical properties of a biofilm strongly improve from a 
certain critical Ca++ concentration and subsequently remain constant for higher Ca++ 
concentrations, explained by the increased bridging of the polymers, or gel networks, 
promoting increased adhesion on surfaces (Mikkelsen and Nielsen, 2001; Yeo et al., 
2007). Turakhia et al. (1983) showed similarly that divalent Ca++ (via its bridging role 
of the EPS) is important in terms of biofilm adhesion onto surfaces. 
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Table 2-1: Literature data on the sticky phase of drying sludge. 
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Rheology of concentrated sludge suspensions and the mapping of the sticky phase 
 
Various techniques have been developed in the field of food handling to map the 
stickiness phenomenon, documented by two more or less recent review papers 
(Adhikari et al., 2001; Boonyai et al., 2004) and confirmed by new measurement 
techniques that keep on being developed (Paterson et al., 2007; Intipunya et al., 2009). 
But, in contrast, there are relatively few studies dealing with measurement techniques to 
map the consistency changes (liquid  pasty/sticky  solid) of drying sludge over the 
whole range of dryness up to 100% DS (Kudra, 2003). A lot of research papers can be 
found regarding the rheological characterization of more or less concentrated sludges up 
to approximately 50% DS (Seyssiecq et al., 2003) and also a simple method for 
determining the rheological behavior of sludge with low solid concentrations between 5 
and 15% is proposed (Baudez et al., 2004).   
Rheology is the science that deals with the relationship between an imposed shear stress 
and the resultant shear rate (Sanin et al., 2011), or, otherwise said, rheology describes 
the deformation of a body under the influence of stress (Seyssiecq et al., 2003). The 
rheological behavior of concentrated sludge is often characterized by using the Bingham 
plastic model (Sanin et al., 2011) (Figure 2-5): although the shear stress-shear rate 
relation is a straight line as for Newtonian fluids, the line does not pass through the 
origin because a finite shearing stress is required for the sludge to flow, often called the 
yield stress (Seyssiecq et al., 2003). It is commonly admitted that its presence is due to 
the existence of an interconnected 3-D network of the sludge flocs. This resists to 
deformation, until the applied stress exceeds the yield stress of the solid phase, 
overcoming the cohesion forces, and the sludge starts to flow (Forster, 2002; Seyssiecq 
et al., 2003; Guibaud et al., 2004; Mori et al., 2006). Yield stress is a typical 
characteristic of viscoplastic fluids, in particular for concentrated sludge suspensions. 
Since the non-Newtonian behavior becomes more evident at higher sludge 
concentrations, the yield stress can be considered as an indicator of sludge flowability, 
as the boundary limit between liquid and pasty-like behavior (Spinosa and Lotito, 2003; 
Spinosa and Wichmann, 2004). Spinosa and Lotito (2003) mention that the 
development of simple, cheap and in the field easily-to-operate methodologies are 
preferred to measure this important limit between the sludge’s liquid and pasty 
consistency. In Figure 2-5, the pseudoplastic (shear thinning) and dilatant (shear 
thickening) behaviors are also depicted, which are two other types of rheological 
behavior whereby, respectively, a decrease or increase in viscosity is observed with 
increasing shear rate. A typical example of the former are polymer solutions, whereas 
concentrated corn flour-sugar solutions and starch in water are typical examples of the 
latter (Geankoplis, 1993). 
Furthermore, the rheology of most sludges is thixotropic, i.e., they have a time-
dependent rheological behavior (Yen et al., 2002). This time-dependency is mostly 
linked to the flocculent tendency of the sludge suspensions. As a consequence, the 
sludge history is important for its rheological behavior (Dentel, 1997; Seyssiecq et al., 
2003). If the sludge has not been sheared, then the particles are strongly flocculated and 
the viscosity is high. On the other hand, if the sludge has been submitted to a pre-shear 
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sequence, particles are more or less disrupted, and the sludge viscosity is low (Dentel, 
1997; Seyssiecq et al., 2003). 
Due to a lack of test protocols to map the stickiness of drying sludge, Ruiz and co-
workers turned to soil mechanics trials to characterize the textural changes of sludge by 
quantifying two transitional water contents, so called Atterberg consistency limits (Ruiz 
et al., 2007; Ruiz and Wisniewski, 2008; Ruiz et al., 2010). With empirical tests, the 
water content is determined at which the transition between liquid and plastic state (so 
called liquid limit), and between plastic and solid state (plastic limit) occurs. Although 
these two defined limits can be valuable in evaluating the textural characterization of 
sludge, they fail to provide information on the region in which the sludge exerts its most 
sticky behavior. 
 
 
Figure 2-5: Fluid flow models. Activated sludge seems to behave 
like a Bingham plastic fluid whereby a finite shear stress is required 
to start flowing, the so called yield stress (after: Sanin et al., 2011). 
 
2.3 Polyaluminiumchloride (PACl)  
The combined process of coagulation and flocculation is one of the most important 
steps in water and wastewater treatment. This process destabilizes the negatively 
charged suspended and dissolved material, followed by aggregation in large flocs which 
are easily removed from the water in subsequent flotation and filtration processes. The 
past decades, the application of pre-hydrolized polyaluminiumchlorides (PACls) as 
coagulant has increased, particularly in China, Japan, Russia and Western Europe 
(Wang et al., 2010a). As a consequence, PACls are extensively investigated for their 
coagulation performance, characterization and speciation (Søgaard, 2002;  Lin et al., 
2008a; Yan et al., 2008a; Wang et al., 2009a; Wang et al., 2010a). Compared with 
conventional Al salts such as AlCl3 and Al2(SO4)3, PACl can achieve higher coagulation 
efficiency as a result of the formation of superior quality species once added to       
water, with the highly charged tridecameric polymer (or polycation) 
[AlO4Al12(OH)24(H2O)12]7+, in short referred to as the Al13-polymer, being recognized as 
the most important polymeric Al species (Gao et al., 2005; Wu et al., 2007; Lin et al., 
2008b). The Al13 polymer has the so called Keggin crystal structure which is depicted in 
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Figure 2-6, and is composed of a tetrahedral Al(O)4 center surrounded by 12 
octahedrally coordinated Al atoms with bridging hydroxides and water molecules as 
depicted in detail in Figure 2-7 (Wang and Muhammed, 1999; Liu et al., 2003; Casey, 
2006; Lin et al., 2008a; Lin et al., 2009; Saukkoriipi, 2010). Because of their significant 
polymeric fractions, PACls are sometimes classified as inorganic polymer flocculants 
(IPFs) (Ye et al., 2007; Cheng et al., 2008; Yan et al., 2008b; Chen et al., 2009). 
 
 
Figure 2-6: Polyhedral representation of the Keggin structure 
of [AlO4Al12(OH)24(H2O)12]7+ (Courtesy of Kemira). 
 
 
Figure 2-7: Ball-and-stick model of the Keggin structure of 
[AlO4Al12(OH)24(H2O)12]7+. The aluminum of the central Al(O)4 unit 
is shown in dark blue, others in light blue. Oxygen is shown in red, 
hydrogen in white (Saukkoriipi, 2010; reproduced with permission). 
 
Aquatic chemistry of aluminum (Al) 
 
When aluminum is added to water, it has a strong effect on the properties of the 
surrounding water molecules (Saukkoriipi, 2010). The water molecules nearest to the 
Al3+ ion form a tightly bound aluminum hexahydrate complex [Al(H2O)6]3+, but the unit 
formed is probably even larger than hexahydrate and includes less tightly bound water 
molecules in the secondary hydration shell (Saukkoriipi, 2010). The speciation of 
aluminum in water is far more diverse, as aluminum can undergo hydrolysis reactions to 
several different mononuclear hydroxides (i.e., [AlOH]2+, [Al(OH)2]+, [Al(OH)3] and 
[Al(OH)4]-), or polymerization reactions to polycations like, e.g., 
tetrahedral
AlO4 center
octahedral AlO6
(twelve in total)
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[AlO4Al12(OH)24(H2O)12]7+ (Casey, 2006; Saukkoriipi, 2010). The series of hydrolysis 
reactions is often represented as a sequential replacement of the water molecules by 
hydroxyl ions, and can also be thought of as a progressive deprotonation of water 
molecules in the primary hydration shell (Duan and Gregory, 2001, 2003; Saukkoriipi, 
2010): 
 
[Al(H2O)6]3+  [Al(H2O)5OH]2+ + H+  [Al(H2O)4(OH)2]+ + 2H+  
[Al(H2O)3(OH)3] (s) + 3H+  [Al(H2O)2(OH)4]- + 4H+ 
 
Because each step involves the loss of a H+, increasing pH causes the equilibria to be 
shifted to the right. The most important variable in the water chemistry of Al is the pH, 
affecting the overall Al speciation as depicted in Figure 2-8 for the mononuclear Al 
hydroxides (note that the hydration shell has been omitted). In the strongly acidic range 
(pH < 4) the predominant species is the aluminum hexahydrate [Al(H2O)6]3+, whereas 
the cations [Al(H2O)5OH]2+ and [Al(H2O)4(OH)2]+ dominate at respectively a pH of 5 
and 6. In the near neutral pH range (5 < pH < 8) aluminum trihydroxide 
[Al(H2O)3(OH)3] (s), also known as gibbsite and bayerite, starts to precipitate. Beyond a 
pH of 7, i.e. in the basic range, the aluminate anion [Al(H2O)2(OH)4]- predominates 
(Duan and Gregory, 2001, 2003; Saukkoriipi, 2010).  
 
 
Figure 2-8: Distribution of dissolved (mononuclear) Al hydrolysis products 
in equilibrium with the solid hydroxide Al(OH)3 (s). (hydration shell omitted 
for convenience) (after: Duan and Gregory, 2001, 2003). 
 
The abovementioned hydrolysis of (mononuclear) Al, is, however, oversimplified 
because the Al hydrolysis process also involves dimeric species [Al2(H2O)8(OH)2)]4+, 
trimeric species [Al3(H2O)(OH)4)]5+, and polynuclear Al complexes (Saukkoriipi, 
2010). It is known that the highly charged aluminum ions can form a range of 
polynuclear species, governed by the high reactivity of the [Al(H2O)6]3+ ion 
(Saukkoriipi, 2010).  
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Pre-polymerization  
 
The idea behind the pre-polymerization of aluminium salts in reactors, before being 
used as a coagulant in wastewater treatment, is primarily to enhance the charge 
neutralization coagulation mechanism (over sweep flocculation) of colloid 
destabilization: since the aluminium species are already pre-polymerized before they are 
added to the water, the precipitation of [Al(H2O)3(OH)3] (s) will be slowed down, hence 
favoring charge neutralization (Ødegaard et al., 1990). In the conventional coagulation 
process, with direct addition of AlCl3 and Al2(SO4)3, in the neutral pH range of water, 
extremely fast and uncontrolled hydrolysis occurs, with frequently a very rapid 
precipitation of [Al(H2O)3(OH)3] (s). 
PACls are commonly produced by the controlled titration of acid AlCl3 solutions with 
base (Edzwald et al., 2000; Duan and Gregory, 2001, 2003; Cheng et al., 2008). They 
are characterized by the ligand number (r) or their relative basicity (B), according to 
 
    AlOHr

    and  %100
3
 rB  
 
where [OH-] represents the amount OH- added during production (Edzwald et al. 2000; 
Duan and Gregory, 2003). The ligand number r is considered as a measure of the degree 
of polymerization since OH- is part of the ligand system around the aluminium ions 
(SØgaard, 2002). The value of r can vary from 0 to 2.5 (B from 0 to 85%). Commercial 
PACls are available with basicities B ranging from about 15% to 80%, and in general, 
the higher B, the larger the Al13 fraction formed when dosed into water (Edzwald et al., 
2000). In Table 2-2 the characteristics of PAX-14 (26% basicity) and PAX-XL19 (80% 
basicity), commercially available from Kemira, are summarized. 
 
 
 
Table 2-2: Two commercially available polyaluminumchloride  
(PACl) solutions from Kemira (r: ligand number; B: basicity). 
 
Transformation of the Al species in PACl after dilution with water 
According to SØgaard (2002) and Gillberg (2011) the pre-polymerization process in the 
production of PAX-14 in reality mainly results in the production of [Al2(H2O)8(OH)2)]4+ 
dimer and [Al3(H2O)(OH)4)]5+ trimer, which then act as precursors of the Al13 formation 
once the PACl solution is dosed in water. The changes in the Al species distribution as a 
PAX‐14 PAX‐XL19
aluminum (wt%) 7,2 +/‐ 0,3 12,4 +/‐ 0,3
aluminum (mol/L) 3,5 +/‐ 0,1 6,0 +/‐ 0,1
pH <1 4,2 +/‐ 0,2
r (OH/Al) 0,8 2,4
B (%) 26 +/‐ 6 80 +/‐ 3
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result of the dilution process have been investigated in detail by Zhao et al. (2009). 
Usually, the Al species are classified into three types of Al hydrolysis species, 
according to the kinetic difference of their (timed colorimetric) reactions with Ferron (8-
hydroxy-7-iodo-5-quinoline-sulfonic acid) reagent (Wang et al., 2004). More precisely, 
the Al species are artificially divided into (i) Ala (monomers, dimer and trimer that react 
with Ferron within 1 min); (ii) Alb or Al13 (reactive polymers that react with Ferron 
within 1-200 min) and Alc (high polymers that cannot react with Ferron) (Wang et al., 
2004). Zhao et al. (2009) report that the Al species distribution changes once a PACl 
solution is diluted with water (Figure 2-9), with the occurrence of complicated chemical 
reactions, whereby aging time (Figure 2-10) and the system pH (Figure 2-11) have a 
considerable effect on the Al species after dilution. The content of Ala decreases after 
dilution with deionized water, while the content of Alc increases, and the Alb content 
first increases at lower r values and finally decreases with the increase in r value, as 
depicted in Figure 2-9 (Zhao et al., 2009). This dilution effect is attributed to the much 
higher pH of the added water, which is similar to adding base in a sense and, hence, 
equal to the polymerization process that occurs in response to the addition of base (Zhao 
et al., 2009). The dilution effect is less pronounced for PACls with a higher r value 
because the gap narrows between the pH of the water and the PACl solution.  
 
 
Figure 2-9: Effect of dilution on the transformation of the Al species in PACl 
(AlTotal = 2 mol/L) with different r values. Undiluted sample (―), samples diluted 
25,000 times (---). Ala (white), Alb (grey) and Alc (red) (after: Zhao et al., 2009). 
 
Aging of diluted PACl solution results in a trend of macromolecules (Alc) being 
converted into Al13 polymers (Alb) as illustrated in Figure 2-10, which can be attributed 
to the solvation effect of water (Zhao et al., 2009). And when the system pH is reduced, 
the high-molecular-weight Al species are transformed into low-molecular-weight Al 
species, and the average polymerization degree of the diluted PACl decreases (Figure 2-
11). Dilution at low pH is no longer a base-adding process (as mentioned above), but it 
rather becomes an acidolysis process breaking down the hydroxyl and oxygen bridges 
in the Al species (Zhao et al., 2009). 
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Figure 2-10: Effect of the aging time after dilution on the 
transformation of the Al species in PACl (r =1.8; AlTotal = 2 mol/L).  
Ala (white), Alb (grey) and Alc (red) (after: Zhao et al., 2009). 
 
 
Figure 2-11: Effect of dilution pH on the transformation of 
the Al species in PACl (r=2.0; AlTotal = 2 mol/L). Ala 
(white), Alb (grey) and Alc (red) (after: Zhao et al., 2009). 
 
 
Coagulation mechanisms of traditional Al salts and of PACl 
Generally, traditional aluminum salts like alum or Al2(SO4)3 favor charge neutralization 
as coagulation mechanism whereby the [Al(H2O)6]3+ and various hydrolyzed species 
such as [Al(H2O)5OH]2+ and [Al(H2O)4(OH)2]+ interact with negatively charged 
particles and subsequently neutralize their charge (Duan and Gregory, 2001, 2003). Due 
to its low solubility around neutral pH, precipitation of [Al(H2O)3(OH)3] solids occurs 
as the next specie in the hydrolysis process and fine impurity particles in the water can 
be enmeshed in this hydroxide precipitate. This process of particle removal is the so 
called sweep flocculation since the particles are ‘swept out’ of water by the growing 
hydroxide precipitate (Duan and Gregory, 2001, 2003). Besides, the combined model of 
precipitation charge neutralization (PCN) has been introduced to explain coagulation 
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by self-hydrolyzing Al3+ salts, i.e., the aluminum mononuclear species are not stable 
after dosing and will form the hydroxide precipitates via a series of self-hydrolysis 
processes, which exert both the sweep flocculation as well as the charge neutralization 
mechanism. Charge neutralization is then achieved by coverage of positively charged 
hydroxide precipitates on negatively charged particle surfaces. This is schematically 
depicted in Figure 2-12 a. 
In contrast to the extended knowledge of the coagulation mechanisms of traditional 
aluminum salts, the coagulation behavior of the preformed polymeric species in PACls, 
like the Al13 polymer, is not yet fully understood to date and still under investigation. 
Mostly kaolin and particulate silica microspheres are used in research studies, instead of 
activated sludge, to gain insight in the coagulation mechanism of Al13. Due to the higher 
stability of Al13 after dosing in water, it cannot be further hydrolyzed and transformed 
into hydroxide precipitate within the coagulation/flocculation time scale. To interpret 
the coagulation behavior of PACls, electrostatic patch coagulation (EPC) has been 
proposed by Wang et al. (2002) and further investigated by Ye et al. (2007). The fairly 
stable and highly positively charged Al13 polymers can be adsorbed on negatively 
charged particle surfaces and can induce aggregation and rearrangement, to finally form 
so called positively charged patches. The electrostatic forces among the patches on one 
particle and the negative surfaces of other particles joins the particles together, 
subsequently forming large flocs. Wu et al. (2007) have indicated that highly charged 
Al13 adsorbs onto the surface of particles by monolayer adsorption. Furthermore, recent 
research on the coagulation of kaolin inferred that the Al13 conformation (i.e., a 
flattened or an extended configuration) on the surface of particles will change under 
different Al13-dosages, inducing different coagulation mechanisms and subsequently 
marked differences in floc size and morphology (Lin et al., 2008a). At low dosage (i.e., 
1 mg Al/L), the Al13 units having a size of a few nm (Tang and Shi, 2002; Tang et al., 
2004) would adsorb onto the surface as flattened configuration and then perform the 
particle coagulation by electrostatic patch yielding compact and smaller flocs (Figure 2-
12 b). Further, Al13 species always tend to aggregate and form clusters, branches and 
flocs and this will be more pronounced in case the PACl dosage is increased in the 
water. At higher PACl dosages (i.e., 8 mg Al/L), the Al13 aggregates of a few µm in size 
(Tang and Shi, 2002; Tang et al., 2004; Lin et al., 2008a, 2008c) adsorb on surfaces as 
extended, coiled configuration (Figure 2-12 c) and assemble particles by interparticle 
bridging resulting in a larger, bulkier, looser structure which is more easily broken by 
shear stress (Lin et al., 2008a).  
 
In this chapter, three fundamental concepts to this thesis have been introduced, i.e., the 
role of calcium in activated sludge bioflocculation, the stickiness phenomenon of drying 
activated sludge and the peculiar characteristics of the commonly applied 
polyaluminiumchloride coagulant. This currently available knowledge will be further 
extended throughout this thesis. 
C
ha
pt
er
 2
 - 
Li
te
ra
tu
re
 S
ur
ve
y 
 
37
 
 
 
 
Fi
gu
re
 2
-1
2:
 S
ch
em
at
ic
 re
pr
es
en
ta
tio
n 
of
 th
e 
co
ag
ul
at
io
n 
m
ec
ha
ni
sm
s i
nd
uc
ed
 b
y 
tra
di
tio
na
l 
A
l s
al
ts
 (a
), 
A
l 13
 (b
) a
nd
 A
l 13
 a
gg
re
ga
te
s (
c)
 (a
fte
r: 
Y
e 
et
 a
l.,
 2
00
7;
 L
in
 e
t a
l.,
 2
00
8a
)
‐ ‐‐‐‐
+
+
+
‐ ‐‐‐‐
‐ ‐‐‐‐
‐ ‐‐‐‐
‐ ‐‐‐‐
+
++
+
+
+ +
+
+
+
+
+
+
+
+
+
+
‐ ‐‐‐‐
‐ ‐‐‐‐
‐ ‐‐‐‐
‐ ‐‐‐‐
‐ ‐‐‐‐
‐ ‐‐‐‐
‐ ‐‐‐‐
‐ ‐‐‐‐
‐ ‐‐‐‐
‐ ‐‐‐‐ +
+ +
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+ +
‐ ‐‐‐‐
‐ ‐‐‐‐
‐ ‐‐‐‐
‐ ‐‐‐‐‐ ‐‐‐‐
‐ ‐‐‐‐
++
+
+
+
+
‐‐‐‐
‐
+
+++
+
+
‐ ‐‐‐‐
++
+
+
+
+
‐‐‐‐
‐
+
+++
+
+
+
+
+
+
+ +
+
+
+
+ +
‐ ‐‐‐‐
‐ ‐‐‐‐
‐ ‐‐‐‐
‐ ‐‐‐‐
‐ ‐‐‐‐
‐ ‐‐‐‐
+
+
+
+
+
+
+
‐ ‐‐‐‐
+
+
+
+
+
+
+
‐ ‐‐‐‐
+
+
+
+
+
+
+
‐ ‐‐‐‐
+
+
+
+
+
+
+
+
a cb
N
eg
at
iv
e
pa
rt
ic
le
s
N
eg
at
iv
e
pa
rt
ic
le
s
N
eg
at
iv
e
pa
rt
ic
le
s
Tr
ad
iti
on
al
 Al 
sa
lts
A
l 13
 p
ol
ym
er
s
A
l 13
 ag
gr
eg
at
es
(c
lu
st
er
s)
Pr
ec
ip
ita
tio
n
Ch
ar
ge
  N
eu
tr
al
iz
at
io
n
(P
CN
)
El
ec
tr
os
ta
tic
Pa
tc
h
Co
ag
ul
at
io
n
(E
PC
) b
y
ad
so
rp
tio
n
of
 
fla
tt
en
ed
A
l 13
sp
ec
ie
s
In
te
rp
ar
tic
le
br
id
gi
ng
by
ad
so
rp
tio
n
of
 ex
te
nd
ed
A
l 13
ag
gr
eg
at
es
(c
lu
st
er
s)
 
Chapter 2 - Literature Survey 
 
38 
 
.
 39 
 
 
 
Chapter 3  
 
Experimental lay-out and procedures 
 
This chapter describes the analysis procedures used in this research (Sections 3.1 and 
3.2), along with the sludge conditioning protocol applied on lab scale (Section 3.3) 
before the sludge is used in the centrifugal compaction test, or before the mapping of its 
sticky phase. In the last Section 3.4, the statistical tools of gage r&R, design of 
experiments and binary logistic regression are discussed.   
3.1 Sludge characteristics 
 
3.1.1 Mixed liquor (volatile) suspended solids (ML(V)SS) 
 
The concentration of the suspended solids in the biodegradation basin, commonly 
referred to as the mixed liquor suspended solids (MLSS) is a crude measure of the 
biomass (expressed in mg/L) (Gray, 2004). It is measured according to the Standard 
Methods 2540D (APHA, 1998), and is the sludge residue on evaporation at 105 °C. 
Part of the MLSS may be inorganic, and under certain circumstances, this may represent 
a significant proportion of the solids present (Gray, 2004). Therefore, the organic 
(biological) fraction of the sludge is estimated by measuring the combustible matter 
present in the MLSS by burning the sludge residue (obtained after the former 105 °C 
evaporation) in a muffle oven at 550 °C. The volatilized solids fraction is referred to as 
the mixed liquor volatile suspended solids (MLVSS, also expressed in mg/L). It was 
measured according to the Standard Methods 2540E (APHA, 1998). The percentage 
volatile fraction is the ratio of the MLVSS to the MLSS, and, obviously, (100 - volatile 
fraction) equals the inorganic fraction. 
 
3.1.2 Sludge volume index (SVI) 
 
The sludge volume index (SVI) is a long established measure of the activated sludge 
settleability. It is basically measured by filling a 1 L graduated cylinder with mixed 
liquor from the biodegradation basin, and allowing it to stand undisturbed for 30 
minutes after which the settled volume is read (Gray, 2004). Strictly speaking, the SVI 
is the volume occupied by one gram of sludge after 30 minutes of settling (Sanin et al., 
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2011). Reported SVI’s in literature range from 4 mL/g (Kjellerup et al., 2001) to 700 
mL/g (Sezgin, 1982; Jenkins et al., 1993). Sludge is typically classified in three groups 
in terms of their settleability, based on the SVI (Jenkins et al., 1993; Gray, 2004):  
 SVI < 50-70 mL/g: very good settleability; 
 50-70 mL/g < SVI < 120-150 mL/g: good settleability; 
 120-150 mL/g < SVI: poor settleability.  
In the case filamentous organisms grow in profusion, the flocs are stretched out and the 
sludge setlles poorly. The SVI will be higher than 150 mL/g, and, in case severe 
filamentous bulking problems are experienced, SVI can be as high as 700 mL/g (Sezgin, 
1982; Jenkins et al., 1993). 
The SVI was determined according to the Dutch norm NEN 6624 whereby the mixed 
liquor sample taken from the biodegradation basin is initially diluted with final clarified 
water to obtain a settled volume Vs in the range from 200 to 300 mL/L. The SVI (in 
mL/g) is obtained as: 
)(
1000
)/(
)/(
)/(
mLV
mL
LgMLSS
LmLV
gmLSVI
p
s   
 
with the MLSS (expressed in g/L) being the solids concentration of the original 
(undiluted) sludge sample and Vp the volume of the original sample (in mL) poored in 
the cylinder, and made up to 1000 mL with final effluent, to obtain a settled volume Vs 
(in mL/L) in between 200 and 300 mL/L.  
The SVI analysis according the Dutch norm NEN 6624 resembles that of the so called 
DSVI (diluted sludge volume index; Gray, 2004; Jenkins et al., 1993) where a series of 
two-fold dilutions are used of the mixed liquor, using a series of 1 L cylinders. The first 
cylinder contains 1000 mL of mixed liquor, the second 500 mL mixed liquor made up 
to 1000 mL using final effluent, the third 250 mL made up to 1000 mL using final 
effluent, etc. The DSVI (in mL/g) is calculated then from the equation below using the 
dilution at which the settled volume Vs is closest to 200 mL/L, and n is the number of 
two-fold dilutions required: 
ns
LgMLSS
LmLV
gmLDSVI 2
)/(
)/(
)/(   
  
3.1.3 Determination of the surface charge (SC) with colloid titration 
 
The colloid titration technique is based on the reaction between the sludge surface 
charges and standard polymer reactants (Mikkelsen, 2003). A known excess of cationic 
polymer (polybrene, PB) (Sigma-Aldrich) is added to a known amount of sludge solids, 
and subsequently the non-reacted cationic polymer is titrated with an anionic polymer 
(potassium polyvinylsulfate, PVSK) (Across) to a purple-pink endpoint, using toluidine 
blue-O (TB) (Merck) as an indicator.  
More precisely, firstly 0.3 to 1.0 mL of sludge (denoted as Vsample) with a known 
MLVSS (mg/L) was diluted to 100 mL with deionised water and gently stirred. Next, 5 
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mL of a 0.001 N PB solution and 3 mL of a 0.05 g/L TB solution was added (yielding a 
blue color). After 30 seconds, the excess of PB was titrated with a 0.001 N PVSK 
solution until complexation between the dye and the PVSK caused color-change from 
blue to purple-pink (needed volume of PVSK denoted as Vs, in mL). The charge 
concentration of a sludge sample was determined from the difference in titration of a 
sludge sample relative to a titration of a same volume (i.e., Vsample) of final effluent 
(needed volume of PVSK denoted as Ve, in mL) with the same ion composition as the 
sludge water phase (and, thus, serving as a blank). Three replicates were run for both the 
sludge and the effluent sample, and the averages were used to calculate the SC of the 
sludge according to next formula: 
   
MLVSSV
VV
VSSgmeqSC
sample
se

 1000/  
 
For example, in case the needed PVSK volumes are 7.7 mL (Vs) and 12.8 mL (Ve) 
respectively for the titration of a 1 mL sludge sample (Vsample) and 1 mL of final 
effluent, with an MLVSS of 6900 mg/L, the SC amounts to: 
 
     
    VSSgmeqVSSgmeqSC /74.0
69000.1
10007.78.12
/ 
  
 
3.1.4 Cation analysis and M+/D++ ratio 
 
The concentration of cations (Na+, K+, Ca2+, Mg2+, Fe2+/3+ and Al3+) were measured in 
(i) the sludge ashes remaining after the MLVSS measurement; (ii) the homogenized 
sludge samples and (iii) water samples.  
 
Sludge ashes 
 
The sludge ashes, i.e., the sludge inorganics, obtained after the measurement of the 
MLVSS were subjected to microwave-assisted acid digestion using supra pure HNO3 
and HCl (Merck). The cations in the acid-digested samples were quantified using 
inductively coupled plasma - optical emission spectrometry (ICP-OES).  
 
Homogenized sludge samples 
 
The cation concentrations in the homogenized sludge samples (i.e., samples taken while 
the sludge was kept well in suspension) were measured with ICP-OES after acid 
digestion of the sludge samples using supra pure HNO3 and HCl (Merck).  
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Water samples 
 
The cation concentrations in the water were measured with ICP-OES as well, after first 
centrifuging sludge samples at 2900g for 5 minutes and filtering the supernatant through 
a 0.22 µm Millipore-filter to remove microbial cells (Wang et al., 2010b).  
 
M+/D++ ratio in the wastewater 
 
Following formulas are used to convert the Ca++, Na+ and K+ concentrations analysed in 
the water (in ppm, or mg/L) into milli-equivalents/L: 
 
mmol
meq
mg
mmol
L
Camg
L
Cameq
1
2
1,40
1 

 
mmol
meq
mg
mmol
L
Namg
L
Nameq
1
1
0,23
1 

 
mmol
meq
mg
mmol
L
Kmg
L
Kmeq
1
1
1,39
1 

 
 
The (dimensionless) ratio of monovalent-to-divalent cations in terms of milli-
equivalents is found as: 
 
L
Cameq
L
Kmeq
L
Nameq
D
M



 
  
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3.1.5 Floc Size Distribution (FSD) 
 
A laser diffraction particle size analyzer (Beckman Coulter LS 230 device) was applied 
to measure the floc size distribution (FSD) in the range from 0.04 to 2000 µm. The 
circulation pump was set at a constant pump speed of 50% (flow of 27 mL/s) for all 
experiments and sample was added to obtain a light obscuration of approximately 20% 
for reliable measurements. FSDs of the sludge were measured while being circulated 
through the plastic tubing with an internal diameter of 5 mm and a length of 1.1 m. The 
average velocity gradient G (see footnote) is estimated at 3340 s-1.  
 
To summarize the obtained FSDs, the D[50] (median floc size) and the IQR 
(interquartile range, the difference between the 75th and 25th percentile, D[75]- D[25]) 
were used as measures for respectively the average floc size and its spread (Dytham, 
2003). The colloidal fraction of the FSDs was defined as the total volume fraction of all 
flocs with a size < 10 µm which has previously been used by Feitz et al. (2001) to study 
the effect of floc size and structure on centrifugal dewatering. 
 
Floc strength 
 
The floc strength was evaluated by calculating the floc strength factor (Jarvis et al., 
2005) as the ratio of the median floc size after 15 minutes and 5 minutes of circulation 
in the Coulter device. This factor allows comparing relative breakage of the sludge flocs 
under the same breakage conditions. 
 
 
 
 
 
 
 
The applied shear in coagulation/flocculation processes is usually characterized by the average velocity gradient G [s-1] 
defined as (Ives, 2000; Jarvis et al., 2005): 
 V
PG  
where µ is the dynamic viscosity (0.001 Pa.s).  
 
o In the case of a stirred suspension, P is the power [W] transferred from the stirrer to the suspension; V is the volume 
[m³] of the stirred suspension. The power P is given by (Geankoplis, 1993): 
 530 DNPP  
 
where P0 [/] is the impeller power number; N is the impeller rotational speed [rev/s]; D is the impeller diameter [m] and ρ [kg/m³] is the density (1000 kg/m³).  
o In the case of turbulent flow through a pipe, P is the power [W] dissipated along the pipe and V is the pipe volume [m³] 
(Ives, 2000):  
g
v
d
fLHandHQgP
2
²4    
where Q is the flow [m³/s] and v is the velocity [m/s] through the pipe; d is the pipe diameter [m] and f is the Fanning 
pipe friction factor [/] depending on the Reynolds number and the surface roughness of the pipe (f equals 0.01 for the 
case of circulation through the Coulter device tubing) (Geankoplis, 1993). H is the head lost [m] in flow through the 
pipe, given by the Darcy-Weissbach equation.    
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3.1.6 (Sheared) Capillary Suction Time (CST) 
 
The capillary suction time (CST) is the time required for the liquid fraction of a sludge 
sample to travel 1 cm in a blotter (filter) paper, sandwiched between two rectangular 
blocks of perspex (Moody and Norman, 2007; Sanin et al., 2011). In the centre of the 
upper block is a circular hole in which a stainless steel cylinder loosely fits, resting on 
the blotter paper and, hence, forming a sludge reservoir. The watery phase from the 
sludge sample is absorbed by the blotter paper in a circular pattern (concentric circles) 
of increasing diameter. When the liquid front touches a first electrode on the blotter 
paper, a timer is started and the timing ceases when the liquid reaches a second 
electrode (Moody and Norman, 2007). It is widely accepted that a short CST is 
associated with good sludge dewaterability. However, CST does not quantify a 
particular, fundamentally based physical parameter of the sludge. 
 
The sheared CST test is being used to evaluate chemical pretreatment (flocculation) in 
case of a centrifuge application (Moody and Norman, 2005) to simulate the very high 
levels of shear the flocculated substrates encounter during their turbulent entry in the 
decanter centrifuge (Leung, 1998a; Records and Sutherland, 2001). The method consists 
of adding the pretreatment chemical to be tested to the feed suspension and subjecting 
the suspension to various levels of shear, achieved by high-speed stirring, after which 
the dewaterability of the suspension is assessed by measurement of the CST. A feed 
suspension with strong flocs will show only a gradual increase in CST with shearing 
time, whereas one with weak flocs will show a significant increase in CST with 
shearing time. The relative floc strength is assessed by plotting CST values versus time 
of shearing. Shearing was applied to the sludge at a high speed of 1000 rpm (Moody 
and Norman, 2005) using a pitched blade turbine impeller with a diameter of 6 cm. CST 
measurements were 3 times repeated. It must be mentioned that, according to Moody 
and Norman (2005), the greater intensity of mixing (speeds even up to 2000 rpm) 
provided by the laboratory stirrer probably provides better simulation of the high shear 
conditions inside a centrifuge. 
 
3.2 Thermo Gravimetric Analysis (TGA) 
Thermo gravimetric analysis (TGA) is a frequently used thermal analysis technique. It 
measures the change in weight of a sample as it is heated or cooled. Its main use is to 
characterize materials with regard to their composition.  
Dried sludge samples (obtained by drying at 105 °C) of approximately 10 to 15 mg 
were used for the TGA measurement, using a TA Instruments Q500 Thermogravimetric 
Analyzer. The samples were heated from initially 20 °C to a final temperature of 1000 
°C, employing a heating rate of 50°C/min at a total flow rate of 40 mL/min. The sample 
weight was automatically recorded. 
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3.3 Sludge conditioning on lab scale to perform centrifugal 
compaction test and mapping of the sticky phase 
Before sludge was used in the centrifugal compaction test, or before mapping its sticky 
phase, it was conditioned in the lab. The conditioning was aimed at mimicking similar 
sludge characteristics during the tests as during normal operating conditions, implying 
the addition of clay (and eventual Ca++ and/or PAX-14) and cationic polymer (Peeters et 
al., 2009b, 2011a, 2011b). More specifically, while gently mixing 800 mL of sludge in a 
1 L beaker with a lab magnetic stirrer (beaker 1 in Figure 3-1), clay (Pansil 100 supplied 
by Tolsa S.A., Madrid, Spain) was added (typically 1.5 g) so that a clay-to-biosolids 
ratio of approximately 0.1 kg clay/kg biosolids was obtained. More specifically, the clay 
mineral sepiolite was used, which is a naturally occurring hydrated magnesium silicate 
of sedimentary origin. Unlike other clays that have a plate-like (layered) morphology, 
sepiolite has a needle-like morphology. It has an open structure exhibiting a 
microfibrous morphology with a high porosity due to the existence of intracrystalline 
cavities (referred to as tunnels) in the fiber direction (Rytwo et al., 1998; Belzunce et 
al., 1998). This type of clay mineral is used, e.g., for filtering and discolouring due its 
powerful sorbent properties. The particle size distribution of the clay is shown in Figure 
1-6, with a median granule size of 57 µm. Depending on the experiment, also CaCl2 
and/or PAX-14 were added at this stage of the sludge conditioning. After 
homogenization of this mixture during 10 minutes, aged polymer P1 (whereof the 
characteristics are described in Section 5.3) (0.20 wt% a.s.) was added (or another 
polymer, if explicitely stated in the text), equivalent with volumes of polymer used in 
the field of 75 L polymer (as 0.66 wt% a.s.) per m³ sludge (or another dosing, if 
explicitely stated in the text). Next, mechanical stress was applied on the flocs in a 
typical Jar test apparatus (Floc-Tester, Lovibond ET750) to impose shear forces, thus 
simulating shear forces acting on the flocs in the decanter centrifuge: the conditioned 
mixture was agitated for 15 minutes in a 1 L beaker with a flat single-bladed paddle 
type stirrer at a controlled speed (shear) of 230 rpm. Taking into account the impeller 
power number of 0.35 at this speed (provided by the supplier) and the impeller diameter 
of 7.5 cm, the estimated average velocity gradient G amounts to 240 s-1 (see footnote at 
Paragraph 3.1.5). This stirring method was selected to apply mechanical stress on the 
flocs, rather than the 10-pour flocculation method. This pour method is basically when 
the raw sludge and polymer mixture is poured into one beaker and then poured back-
and-forth between two beakers (Wakeman and Tarleton, 2005). The mixing intensity is 
higher in case of the stirring method compared to the 10-pour method (Wakeman and 
Tarleton, 2005; Mayer, 2008b), reason why the stirring method was preferred for this 
application of centrifugal dewatering in a decanter centrifuge. Next, the polymer-
conditioned sludge was allowed to settle in the 1 L beaker (beaker 2 in Figure 3-1), and 
the supernatant was decanted (beaker 3 in Figure 3-1). Purpose of this first “bulk 
decantation” was (i) to simulate the decanting of the bulk water volume in the decanter 
centrifuge and (ii) to allow more (settled, concentrated) solids to fill the spin tubes in 
case the centrifugal compaction test is to be executed in the next experimental stage. 
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Figure 3-1: different stages in the sludge lab conditioning, from left to right: 
(1) unconditioned sludge; (2) clay, CaCl2, PAX-14 and polymer conditioned 
sludge stirred in the “Jar tester” for 15 minutes at 230 rpm, and allowed to 
setlle; (3) prethickened sludge (after decanting the supernatant), ready to be 
used in the centrifugal compaction test or for the mapping of the sticky phase. 
 
Shear intensities applied to the sludge flocs at lab scale, compared to those 
encountered in the decanter centrifuge 
 
It is generally accepted that applying shear on the flocculated sludge has an influence on 
the subsequent dewatering process (Langer et al., 1994; Müller and Dentel, 2002; 
Murthy et al., 2004; Novak, 2006; Dentel and Dursun, 2009). Two opposite influences 
of shear forces on the dewatering properties have to be distinguished according to 
Müller and Dentel (2002): (i) shear forces lead to a destruction of flocs, and a decrease 
in particle size, and the dewatering results after filtration or centrifugation may be 
inferior; (ii) shear forces may create especially firm flocs that are found to be 
advantageous for the subsequent dewatering process. Stable flocs can be obtained by 
providing an appropriate polyelectrolyte dose to the sludge and by applying shear 
during conditioning (Langer et al., 1994; Müller and Dentel, 2002). Residual 
polyelectrolyte in the water surrounding the sludge suspension will cause flocculation 
and reflocculation. The process of breakage and reflocullation during the shearing of the 
mixture, referred to as pelletisation (Müller and Dentel, 2002) decreases the excess 
(reserve) polyelectrolyte concentration in the water while it increases the strength of the 
obtained sludge flocs. 
The polyelectrolyte conditioning dose has been found to depend on the dimensionless 
Gt value (where G [s-1] is the mean velocity gradient, and t [s] is the shear time): in case 
a higher Gt is induced by the dewatering equipment, the required polymer dose is higher 
(Murthy et al., 2004; Novak, 2006). For the decanter centrifuge, the sludge experiences 
a considerable amount of shear at the inlet (Leung, 1998a): the flocculated sludge is 
abruptly accelerated when it enters the pool of water (rotating at high speed) inside the 
bowl. It is extremely difficult (not to say, impossible) to simulate the shear forces the 
sludge flocs undergo at that very short entrance time (t), but at a very high shear (G). It 
1 2 3
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has been estimated that this shear would approximate a Gt value of 100,000 to 120,000 
(Murthy et al., 2004; Novak, 2006). In the lab, an estimated G of 240 s-1 was applied for 
15 minutes, which corresponds with a Gt value of approximately 216,000. In other 
words, the total shear between lab scale and industrial scale is of the same order of 
magnitude, but the timescale (t) of shearing is totally different. In this context, the 
recovery time-scale of the flocs in response to the time-scale of deformation is 
important. That is, in the case the recovery rate is lower than the deformation rate, a 
broken sludge floc structure will be the result. In the case of flocculated sludge, the 
recovery rate will be lower than the deformation rate, and, hence, a (partially) broken 
structure will be the result, both at lab as well as industrial scale, but probably (and 
inevitably) not at exactly the same extent.  
Other researchers as well apply pre-shearing to the flocculated sludge, before 
centrifuging the sludge. Curvers et al. (2009b) induced shearing by mixing in a baffled 
beaker at 1000 rpm (with a calculated G of 455 s-1) for 1 minute, which corresponds 
with a Gt value of about 27,000. And Chu and Lee (2002, 2003) applied shearing onto 
the sludge in a baffled mixing chamber with a stirrer at 200 rpm for 5 min, followed by 
50 rpm for another 20 min, before the sludge was compacted under the centrifugal field. 
Hatziconstantinou and Efstathiou (2003) used a domestic type of food blender (without 
reporting details on the effectively applied shear) to simulate shear to the flocs. 
It can be questioned to which extent a recovery of the sheared flocs is possible in the 
decanter centrifuge. For recovery of the flocs to take place, the eroded flocs need some 
freedom of movement. Hence, reflocculation in the centrifuge will mainly take place in 
the short filtration phase, i.e., in the pool of water (on top of the compacting cake) in 
which the new feed enters the centrifuge, before the flocs start to touch one another and 
the longer lasting compaction phase starts.  
According to Papavasilopoulos and Markantonatos (2001), the failure of bench scale 
tests to map behavioral aspects of polymer conditioning at full scale is generally 
attributed to differences in shear intensities applied in both cases. In Paragraph 5.3.2, it 
is demonstrated that the cake dryness obtained with the centrifugal compaction test 
protocol, including the above described shearing history to the sludge during 15 
minutes, has a very good predictivity for the full scale conditions.  
 
3.4 Statistical tools 
3.4.1 Gage r&R (repeatability & reproducibility) 
 
It is clear that obtaining data of high quality is imperative for correct analysis. Thus, 
before collecting data with a new measurement protocol, it is necessary to analyze the 
measurement system to assure that the procedures used are not faulty and that it would 
hence not lead to erroneous conclusions. In industry, the use of gage r&R is widespread 
(see, e.g., Hoffa and Laux, 2007; Peeters et al., 2009b).  This statistical analysis allows 
one to understand and quantify how much of the total variation (σ²T) is due to the 
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measurement variance (σ²M) as described in following equation (Breyfogle, 1999; Bass, 
2007): 
     
222
MPT    
where  
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A gage r&R addresses how precise a measurement system is. That is, it measures the 
variability induced by the system if the same operator measures the same part using the 
same device repeatedly (repeatability; variability within operator/device combination, 
or in other words the variation due to the gage itself), and it measures the variation 
induced when different operators measure the same part using the same device 
(reproducibility; variability between operators). The measurement variation (σ²M) is 
broken down in two parts: 
 
222
iltyreproducibityrepeatabilM    
 
The contribution of the different sources of variation to the overall variation is 
schematically depicted in Figure 3-2. The partitioning of the total variation (in the gage 
r&R data base) into its component parts is executed by means of a two-way analysis of 
variance (ANOVA) which is further discussed in detail in section 3.4.2. 
 
 
Figure 3-2: Contribution of different sources of variation 
to the overall variation of a measurement system. 
 
A measurement system is said to be consistent when the results for operators are 
repeatable and the results between operators reproducible (Breyfogle, 1999). Obviously, 
a gage is able to detect better the part-to-part variation if the variability of operator 
measurements is small relative to the total variability. The percentage of the total 
variation contributed by the measurement system for repeatability and reproducibility 
(%r&R; the MINITAB® software appoints this the %Study Var) is estimated by 
Overall variation 
Part to Part variation    
(actual difference between the 
samples being measured)
Measurement System Variation
Variation due to gage Variation due to operator
repeatability reproducibility
2
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dividing the standard deviation of the measurement system by the total standard 
deviation (Minitab, 2000): 
100&% 
T
MRr 
  
Guidelines for acceptance of gage r&R are (Stanwick, 2004): 
            %  r&R < 10%: desirable result; 
10% < %  r&R < 20%: acceptable result; 
20% < %  r&R < 30%: may be acceptable based upon importance of  application; 
30% < %  r&R: gage needs improvement. Make every effort to identify the 
problems and have them corrected. 
 
Alternatively, in case one knows the process variation, also the “%Process” can be 
estimated by dividing the standard deviation of the measurement system by the 
historical process standard deviation (Minitab, 2000): 
100% 
processhistorical
MocessrP 
  
Besides the %r&R index, the number of distinct categories within the process data that 
the measurement can discern, is also used to evaluate whether the measurement system 
is acceptable for the analysis of the process, or not (Breyfogle, 1999; Minitab, 2000; 
AIAG, 2010): 
41,1
M
PcategoriesdistinctofNumber 
   (rounding down to the nearest integer). 
This number represents the number of non-overlapping confidence intervals that will 
span the range of product variation. For example, imagine eight different parts were 
measured, and MINITAB® reports that the measurement system could discern five 
distinct categories. This implies that some of those eight parts are not different enough 
to be discerned as being different by the measurement system. So, if one would like to 
distinguish a higher number of distinct categories, a more precise gage is needed. The 
Automotive Industry Action Group suggests that the number of distinct categories must 
be five or more for the system to be acceptable (AIAG, 2010). 
3.4.2 Design of Experiments (DOE) 
 
Designed experiments are used to systematically investigate the effect of input variables 
(called factors, or treatments) on a response variable. By varying the levels of the 
factors simultaneously, the DOE allows additionally to study possible interaction effects 
of the factors which is not the case in the case of a “one factor at a time” experimental 
approach (Minitab, 2000; Bass, 2007). An interaction occurs when the effect that one 
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input variable has on the response variable depends on the level of another input 
variable.  
Different designs of experiments exist. In a so-called full factorial experiment, the 
response variable is measured at all combinations of the experimental factor levels. 
Each experimental condition, representing a unique combination of the factor levels, is 
called a trial (or a run), with the entire set of trials being the design. Figure 3-3 shows a 
3-D representation for a design with 3 factors which are set at two levels, a high (+) and 
low (-) level. In total, the DOE is made up of 23 or 8 trials as depicted in the table of 
Figure 3-3. A DOE with only 2 factors, each set at 2 levels, would be represented by a 
plane. In the case also a center point is added, which means that the response variable is 
studied at the average values of the two (high and low) levels as well, curvature may be 
detected involving the center point (Minitab, 2000). A center point would be 
schematically situated in the center of the cube or the center of the plane, respectively, 
in the case of a 3- or 2-factor design. To strengthen the conclusions that can be drawn 
from a DOE, replicating the whole design is recommended. This means that the whole 
design is executed a second time, starting from scratch, to see if one can replicate the 
results obtained from the first execution of the design. That is to say, in case, e.g., the 
effect of some additives to sludge is evaluated in terms of its dewaterability on lab scale, 
the design is conducted a first time by making up the mixtures, and testing is performed. 
A replicate means then that the different mixtures are made up a second time, starting 
from the early beginning (from ‘scratch’) and the dewaterability is evaluated again for 
this second series of newly prepared mixtures. 
 
Figure 3-3: 3-D representation of a Design Of Experiments (DOE) with 3 factors 
(Factor 1, 2 and 3) at 2 levels (a high (+) and a low (-) level). Each corner point 
of the cube represents one combination of factor levels (i.e., one trial). For 
example, trial 4 would verify the value of a response variable for the case Factor 
1 and 2 are set at their high (+) level and Factor 3 at its low (-) level. 
 
Statistical analysis 
 
The statistical analysis of the DOE data is based on an analysis of variance, often 
abbreviated by the acronym ANOVA, partitioning the total variation in the data 
collection into its component parts (Kachigan, 1991; Bass, 2007). The principles of 
ANOVA will be illustrated below for a two factor full-factorial DOE, with the Factor 1 
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and 2 evaluated at respectively a and b levels; the design is replicated n times (depicted 
in Figure 3-4). In that case we are faced with three null hypotheses: (i) the first 
hypothesis stipulates that there is no difference in the average value of the response 
variable between the different levels of Factor 1; (ii) the second hypothesis will be that 
there is no difference in the average value of the response variable between the different 
levels of Factor 2; and (iii) the interaction effect of the two factors on the response 
variable is zero.  
The way ANOVA determines whether the three abovementioned hypotheses should be 
rejected, or not, is by assessing the sources of the variations for a confidence interval of 
95% (i.e., an α-level of 0.05). More specifically, if the sources of the variations are 
solely within the treatments, we would not be able to reject he null hypothesis. 
However, in the case the sources of variations are between the treatments, the null 
hypothesis can be rejected (Bass, 2007). The within-treatments variations are variations 
due to individual variation within a treatment group (i.e., variance due to random error, 
sometimes called unexplained or residual variance), whereas the between-treatment 
variations are due to differences between the treatments. In practice, the F-statistic is 
calculated which is the ratio of the between groups variance to the within groups 
(random error) variance. For this, first the sum of squared deviations (SS) around the 
appropriate means are obtained, and then the variances, also referred to as the mean sum 
of squared deviations (MS), are calculated by dividing the SS by the relevant degrees of 
freedom (DF) (Kachigan, 1991; Montgomery and Runger, 2003). If the calculated F-
statistic is greater than the critical (tabulated) F-statistic value, then the null hypothesis 
is rejected. The critical F-statistic value is obtained from the F table, based on the pair of 
DFs associated with the respective variances (between the treatments and due to the 
random error).  
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Figure 3-4: Data arrangement for a two-factor factorial DOE. There are a levels of Factor 
1 and b levels of Factor 2.  The design has n replicates. The values of the response variable 
are denoted as  r(i,j,k) (i = 1, 2,…,a; j = 1, 2,…,b; k = 1, 2,…,n). The average response in 
the ijth cell is denoted as R(ij*), the average response for Factor 1 at its ith level is denoted 
by R(i**), and the average response for Factor 2 at its jth level is denoted by R(*j*). The 
overall average is denoted as R(***)  (adapted from Montgomery and Runger, 2003).  
 
 
The formulas to obtain the F-statistics for a two-way ANOVA are summarized in Table 
3-1 and below. The procedure is further illustrated with the data shown in Figure 3-5.  
 
Table 3-1: Summary of formulas in an ANOVA to obtain the degrees of freedom (DF) and 
the variance estimates (or the mean sum squared deviations, MS) for a DOE with two 
treatment factors. The formulas to calculate the sum of squared deviations (SS) are presented 
in the text (after: Bass, 2007; Montgomery and Runger, 2003). 
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Factor 1 SS F1 a‐1 MSF1 = SSF1/(a‐1) FF1 = MSF1/MSE Fα,a‐1,ab(n‐1)
Factor 2 SS F2 b‐1 MSF2 = SSF2/(b‐1) FF2 = MSF2/MSE Fα,b‐1,ab(n‐1)
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where 
 
SSF1 is the sum of squared deviations for (treatment) Factor 1; 
SSF2 is the sum of squared deviations for (treatment) Factor 2; 
SSI is the sum of squared deviations for the interactions; 
SSE is the sum of squared deviations due to random error; 
SST is the total sum of squared deviations; 
a is the number of levels of Factor 1; 
b is the number of levels of Factor 2; 
n is the number of replicates; 
i is a level of Factor 1 (i = 1, 2,…, a); 
j is a level of Factor 2 (j = 1, 2,…, b); 
k is one of the replicates (k = 1, 2, …, n); 
r(ijk) is a response value (i.e., a single response value in Figure 3-4); 
R(ij*) is the average response for the ith level of Factor 1 and the jth level of Factor 2 
(i.e., the average of the ijth boxed cell in Figure 3-4); 
R(i**) is the average response for the ith level of Factor 1; 
R(*j*) is the average response for the jth level of Factor 2; 
R(***) is the overall average response. 
 
. 
Figure 3-5: Example of a data set obtained with a DOE, with two factors each 
evaluated at two levels. The design was replicated 3 times. Data are used to illustrate 
the ANOVA procedure. 
 
  
65 80
64 80
65 81
64,7 80,3
75 83
77 85
80 85
77,3 84,3
71,0 82,3
overall average of all observations: 76,7
average of Factor 1 
at Level 1: 72,5
Level 2 average of Factor 1 
at Level 2: 80,8
average of Factor 
2 at Level 1:
average of Factor 2 
at Level 2:
Factor 2
Level 1 Level 2
Fa
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 1
Level 1
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With the data depicted in Figure 3-5, the SS and MS are calculated with the 
abovementioned formulas; 
 
for Factor 1: 
   3.208²7.768.80)²7.765.72(321 FSS  
3.208
12
3.208
1 FMS  
 
for Factor 2: 
   3.385²7.763.82)²7.760.71(322 FSS  
3.385
12
3.385
2 FMS
 
 
for the interaction term: 
         3.56²7.763.828.803.84²7.760.718.803.77²7.763.825.723.80²7.760.715.727.643 ISS
3.56
)12()12(
3.56 IMS
 
 
for the error: 
           ²3.8081²3.8080²3.8080²7.6465²7.6464²7.6465 ESS                     7.16²3.8485²3.8485²3.8483²3.7780²3.7777²3.7775   
1.2
)13(22
7.16 EMS  
 
and the total SS: 
           ²7.7681²7.7680²7.7680²7.7665²7.7664²7.7665 TSS  
            6.666²7.7685²7.7685²7.7683²7.7680²7.7677²7.7675   
 
Based on the calculated MS, the F-statistics are found: 
2.99
1.2
3.208
1 FF  
5.183
1.2
3.385
2 FF  
8.26
1.2
3.56 IF  
 
These numbers are summarized in the ANOVA Table 3-2. For this illustrative data set, 
the F-statistics for the main factors and their interaction are greater than the critical F-
statistic (tabulated, e.g., in Kachigan, 1991) and, hence, in conclusion, the three null 
hypothesis are rejected at an α-level of 0.05, concluding that the two factors and their 
interaction do have a significant effect on the response variable.   
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Table 3-2: ANOVA table for the data set presented in Figure 3-5. 
 
3.4.3 Binary logistic regression 
 
In a broad range of scientific disciplines, a common problem is how to predict (model) a 
binary or dichotomous outcome as a function of possible predictor variables. Examples 
include the prediction to get struck by lightning as a function of the weather conditions, 
and the prediction of the prevalence of a plant virus as function of shading levels 
(Dytham, 2003; Menard, 2010). Also many social phenomena are discrete in nature, 
like, e.g., a person or a group that makes one choice and not the other (Pampel, 2000). 
Or, given a large number of clinical features of an individual, one may want to generate 
a prognostic score whether that individual is likely to have a disease or not (Petrie and 
Sabin, 2009). 
 
Figure 3-6: S-shaped curve between an event probability P and a continuous predictor X. 
 
In contrast to a straight relationship between a continuous response (Y) and a 
continuous predictor (X) found with linear regression, the relationship between an event 
probability (P) and a predictor (X) is usually an S-shaped curve with asymptotes at 0 
and 1 as depicted in Figure 3-6 (Hosmer and Lemeshow, 2000; Menard, 2010). In 
logistic regression, the Logit transformation  
 
 
 
is used on P which linearizes the relationship between P and X, hence adjusting for the 
curved nature of the response (Figure 3-7). Logistic regression is named after this Logit 
transformation.  
 
Sources of variation Sum of 
Squares
Degrees of 
freedom (DF) Mean Square (MS) F‐statistics F‐critical 
Factor 1 208,3 1 208,3 99,2 5,3
Factor 2 385,3 1 385,3 183,5 5,3
Interaction Factor1*Factor2 56,3 1 56,3 26,8 5,3
Error 16,7 8 2,1
Total 666,6 11
  


 P
PPLogit
1
ln
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Figure 3-7: The Logit transformation  straightens the S-shaped 
relationship between an event probability and a predictor X. 
 
The ratio of P/(1-P), i.e., the ratio of the proportions for the two possible outcomes, is 
called the odds (Hosmer and Lemeshow, 2000; Petrie and Sabin, 2009). Next, the log 
odds are modeled as a linear function of the explanatory variable X:  
 
 
 
The value of the coefficient b1 determines the direction of the relationship between X 
and the logit of P. The logit can thereafter be transformed back to the probability scale, 
to obtain the desired probability P as a function of the explanatory variable: 
 
 
 
 
 
 
 
 
It must be mentioned that logistic regression analysis does not make any assumptions 
regarding the distribution of the explanatory variables. Therefore, it is preferred to 
discriminant analysis when the independent variables are a combination of categorical 
and continuous variables because in such cases the multivariate normality assumption is 
violated (Sharma, 1996). 
 
Maximum Likelihood Estimation (MLE) 
 
Linear regression analysis employs the method of least squares (LS), which minimizes 
the sum of squared differences between the actual and predicted values of the dependent 
variable, to estimate the coefficients in the regression equation. However, in binary 
logistic regression analysis, the dichotomous dependent variable makes estimations 
using the LS method inappropriate since the error term has neither a normal distribution 
nor equal variances, for each value of the independent variables. Instead, binary logistic 
regression relies on the maximum likelihood estimation (MLE) procedure to obtain the 
coefficient estimates (Hosmer and Lemeshow, 2000; Pampel, 2000). In a very general 
  XbbPLogit 10 
  XbbPLogit 10  XbbeP
P
10
1

Xbb
Xbb
e
eP
10
10
1 


)( 101
1
Xbbe
P 
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sense, the MLE method yields the most likely estimates for the unknown coefficients bi 
of the binary regression model which maximizes the probability of obtaining the 
observed set of data. The likelihood function is given by (Hosmer and Lemeshow, 2000; 
Pampel, 2000): 
  


n
i
Y
i
Y
i
ii PPL
1
11  
 
where L refers to the likelihood function, Yi refers to the observed value (0 or 1) of the 
binary dependent variable for a case i; Pi refers to the (by the logistic regression model) 
predicted probability of the case i, and П refers to the multiplicative equivalent of the 
summation sign, and means that the function multiplies the values for each case. The 
likelihood function L varies between 0 and 1. Pampel (2000) describes how this formula 
works in practice: (i) for a case in which Yi equals 1 (an event had effectively occurred), 
the formula in between brackets reduces to Pi. Thus, when Yi = 1 the value for a case 
equals its predicted (modeled) probability. Hence, if, based on the model coefficients, 
the case has a high predicted probability Pi of the event when the event has effectively 
occurred (Yi = 1), it contributes more to the likelihood function (L) than if it has a low 
predicted probability Pi of the occurrence of the event; (ii) for a case in which Yi equals 
0 (an event did not occur in reality), the formula in between brackets reduces to (1 – Pi). 
Thus, when Yi = 0 the value for a case equals 1 minus its predicted (modeled) 
probability. If the case has a low predicted probability Pi based on the model 
coefficients, it contributes more to the likelihood function (L) than if it has a high 
probability (e.g., if Pi = 0.15, then 1 - Pi = 0.85, which obviously counts more to L than 
if Pi = 0.85 and 1 - Pi = 0.15).  
To further illustrate this, take for example five cases (Table 3-3), with three cases 
having an observed value of 1 and two cases an observed value of 0. Assume that the 
estimated coefficients bi in the binary logistic regression model, in combination with the 
values of one independent variable, result in the estimated probabilities as listed in 
Table 3-3. The hypothetical coefficients bi in the set of data in Table 3-3 result in a 
larger likelihood function (L = 0.52) than for the second example depicted in Table 3-4 
(L = 0.03) and, hence, the hypothetical coefficients used in Table 3-3 are more likely to 
have given rise to the observed data than those in Table 3-4. 
 
 
Table 3-3: Example of the calculation of the likelihood function (L) and the log likelihood 
function (ln L) (Yi: observed value of binary variable; Pi: predicted probability). 
 
 
Yi Pi Pi
Yi (1‐Pi)1‐Yi PiYi*(1‐Pi)1‐Yi (Yi*ln Pi) (1‐Yi)*ln(1‐Pi)  (Yi*ln Pi)+ (1‐Yi)*ln(1‐Pi) 
1 0.8 0.81  = 0.8 0.20  = 1 0.8 ‐0,223 0 ‐0,225
1 0.9 0.91  = 0.9 0.10  = 1 0.9 ‐0,105 0 ‐0,105
1 0.9 0.91  = 0.9 0.10  = 1 0.9 ‐0,105 0 ‐0,105
0 0.1 0.10  = 1 0.91  = 0.9 0.9 0 ‐0,105 ‐0,105
0 0.1 0.10  = 1 0.91  = 0.9 0.9 0 ‐0,105 ‐0,105
L = 0.52 ln L = ‐0.645
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Table 3-4: Example of the calculation of the likelihood function (L) and the log 
likelihood function (ln L) (Yi: observed value of binary variable; Pi: predicted prob). The 
predicted (modeled) probabilities perform worse compared to the example of Table 3-3, 
reflected in a lower value of L and a lower value of ln L (i.e., more negative number). 
 
To avoid multiplication of probabilities, and typically exceedingly small numbers, the 
likelihood function L is transformed into the log likelihood function (ln L) (Hosmer and 
Lemeshow, 2000; Pampel, 2000): 
     


n
i
iiii PYPYL
1
1ln1lnln  
The log likelihood function (ln L) varies from negative infinity to zero. The closer the 
value of L to 1, the closer the value of ln L to 0, and the more likely it is that the 
parameters produce the observed data (Pampel, 2000). This is illustrated with the same 
examples as used before, at the right side of Table 3-3 and Table 3-4. In practice, the 
estimate of the coefficients bi of the binary logistic model is obtained by maximizing ln 
L using iterative techniques. 
 
Goodness of fit 
 
A goodness-of-fit test assesses how well a regression model describes the observed 
data. In linear regression analysis, the coefficient of determination (R²), a measure of 
the variance of the dependent variable explained by the independent variables, is used to 
assess subjectively the goodness of fit of the regression line (Petrie and Sabin, 2009). 
In binary logistic regression, the Hosmer-Lemeshow test assesses the fit of the model by 
comparing the observed and the (by the model) expected frequencies. For this, the 
expected probabilities of the event occurrence are grouped from lowest to highest 
(Hosmer and Lemeshow, 2000). The data are collapsed then into a finite number (g) of 
at least 6 groups having an equal number of data, with the first group containing the 
cases with the lowest expected probabilities, the second group with the next lowest 
expected probabilities, and so on. Next, for the data in each group where Yi=1 (the 
event occurred), estimates of the expected values are obtained by summing the 
estimated probabilities over all data in a group. For the data in each group where Yi=0 
(the event did not occur), the estimated expected value is obtained by summing, over all 
data in the group, one minus the estimated probability (Hosmer and Lemeshow, 2000). 
Finally, a test statistic is calculated, from the g × 2 table of observed and expected 
frequencies, which follows a chi-squared distribution with (g-2) degrees of freedom. A 
high p-value (> 0.05) means that the observed and expected counts are close and that 
the model describes the data well (Petrie and Sabin, 2009).  
Yi Pi Pi
Yi (1‐Pi)1‐Yi PiYi*(1‐Pi)1‐Yi (Yi*ln Pi) (1‐Yi)*ln(1‐Pi)  (Yi*ln Pi)+ (1‐Yi)*ln(1‐Pi) 
1 0.6 0.61  = 0.6 0.40  = 1 0.6 ‐0,511 0 ‐0,511
1 0.5 0.51  = 0.5 0.50  = 1 0.5 ‐0,693 0 ‐0,693
1 0.4 0.41  = 0.4 0.60  = 1 0.4 ‐0,916 0 ‐0,916
0 0.3 0.30  = 1 0.71  = 0.7 0.7 0 ‐0,357 ‐0,357
0 0.7 0.70  = 1 0.31  = 0.3 0.3 0 ‐1,204 ‐1,204
L = 0.03 ln L = ‐3.68
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The MINITAB statistical software, used in this research, routinely provides two 
additional (Pearson and Deviance) goodness-of-fit tests. 
 
Test of significance using log likelihood values 
 
After the coefficients bi of the model are fit using the MLE method, following question 
needs to be addressed. Does the model that includes the independent variables tell us 
more about the response variable than a model which does not include that variable 
(Hosmer and Lemeshow, 2000)? If the predicted values with the independent variable 
included in the model are better, then we feel that the predictor variable in question is 
“significant”.  
In linear regression analysis, the assessment of the significance of the coefficients is 
done by forming a so called ANOVA table, partitioning the total sum of squared 
deviations (SST) of observations about their mean in two parts, i.e., the sum of squared 
errors (SSE) of the observations about the regression line (that is, the residual, 
unexplained sum of squares) and the sum of squares of regression (SSR) of predicted 
values about the mean of the dependent variable (SST=SSE+SSR). The baseline 
prediction (without including any independent variable) uses the mean of the response 
variable and the SSE in that case is equal to the total variance, SST. When an 
independent variable is included in the linear regression model, any decrease in the SSE 
will be due to the fact that the coefficient for this independent variable is not zero and 
the regression source of variability (SSR) is increased (Hosmer and Lemeshow, 2000). 
Hence, interest in linear regression analysis focuses on increasing the SSR suggesting 
that the independent variable is important in predicting the dependent variable. 
In binary logistic regression, the guiding principle is the same as in linear regression 
analysis, in that observed values of the response variable are compared to predicted 
values obtained from models with and without the independent variable. The mean 
(probability) is used here not to set the sum of squares, but instead to set the log 
likelihood value for the base model wherein no predictor variable is included. The 
difference between the baseline log likelihood and the model log likelihood is taken, the 
difference multiplied by – 2 to give a chi-square value χ²(DF) with DF the degrees of 
freedom, equal to the number of independent variables (Pampel, 2000). More 
specifically, the G statistic is used (Hosmer and Lemeshow, 2000): 
 
  


iablearvwithlikelihood
odelmbasepredictorswithoutlikelihoodLLG riablevawithodelmbase
)(ln2ln2ln2  
We will use again the five cases presented earlier in Table 3-3 to illustrate this 
significance test. The likelihood function L of the base-line model would be equal to 
(0.6×0.6×0.6×0.4×0.4) = 0.03 since the (baseline model) predicted probability equals 
respectively 3/5=0.6 and 2/5=0.4 in case of Yi=1 and Yi=0. The log likelihood (ln L) of 
this base model equals then -3.37 (Table 3-5). Assume that the log likelihood value 
obtained earlier in Table 3-3 is the maximum attainable value (-0.645), then we can 
compare the base-line model with this best model where the predictor is included. From 
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Table 3-5 one can see clearly the improvement in the model compared to the base-line 
model. The G statistic equals 5.44 and because P[χ²(1)>5.44] < 0.05, we have 
convincing evidence that the variable included in the model does significantly influence 
the dependent variable. In case of more independent variables, a significant result 
suggests that at least one of the predictor variables is significantly associated with the 
response variable. 
The significance of the individual regression coefficients (i.e., the individual bi‘s) is 
estimated by calculating the Wald test statistic, which is equal to the estimated 
regression coefficient divided by its standard error (SE), and is compared to the standard 
normal z distribution (Petrie and Sabin, 2009). 
 
 
Table 3-5: Logistic regression base model and best model result  
for the (hypothetical) data in Table 3-3 (after: Pampel, 2000). 
 
Internal validation using AUROC 
 
The statistical analysis during this research was performed with the MINITAB® 
statistical computer package (Minitab, 2003). However, this software package does not 
routinely supply the Receiver Operating Characteristic (ROC) curve. Yet the ROC 
curve is commonly shown and discussed in reference-handbooks on logistic regression 
(Hosmer and Lemeshow, 2000; Menard, 2010) because the area under the ROC curve 
(referred to as AUROC) provides a measure of the model’s ability to correctly 
discriminate between those cases that do or do not have the outcome of interest (e.g., 
dryer fouling).  
To draw the ROC curve, firstly, a range of cut-off points of the predicted probability is 
considered that gives a unique pair of values for sensitivity (i.e., the proportion of cases 
with observed fouling that are correctly identified by the model; or, the true positive 
rate) and specificity (i.e., the proportion of cases without observed fouling that are 
correctly identified by the model; or, the true negative rate). Subsequently, the 
sensitivity (the true positive rate) is plotted against one minus the specificity (the false 
positive rate) (Hosmer and Lemeshow, 2000; Petrie and Sabin, 2009). The best possible 
prediction method would result in a point at the upper left corner of this plot, 
representing 100% sensitivity and 100% specificity. The ROC curve of a model that has 
good discriminative ability lies in the upper left-hand quadrant of the plot, whereas a 
model that is no better than chance at discriminating will lie along the 45° diagonal 
(Petrie and Sabin, 2009).  
The AUROC is used for internal validation of the predicted probabilities. To interpret 
the AUROC, Hosmer and Lemeshow (2000) propose as a general rule: 
 
Model L ln L  ‐2 * ln L
baseline model 0,03 ‐3,37 6,73
best model (Table 3‐3) 0,52 ‐0,645 1,29
difference (G statistic) 5,44
Chapter 3 - Experimental lay-out and procedures 
 
61 
 
if AUROC = 0.5:  then this suggests no discrimination; 
if 0.7 ≤ AUROC < 0.8: then this is considered acceptable discrimination; 
if 0.8 ≤ AUROC < 0.9: then this is considered excellent discrimination; 
if AUROC ≥ 0.9:  then this is considered outstanding discrimination. 
 
In practice it is extremely unusual to observe AUROC’s greater than 0.9 (Hosmer and 
Lemeshow, 2000). 
 
Software used in this research 
 
As said before, statistical analysis was performed using the MINITAB® software, 
Release 14 (Minitab, 2003). 
 
 
In this chapter, all generic materials and methods that are applied in this thesis passed 
the review, encompassing the analytical as well as the statistical techniques. 
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Chapter 4  
 
Effect of changing cation concentrations in the 
wastewater on the SVI and the sludge inorganic 
fraction 
 
This chapter is devoted to the first main goal of this research as outlined in Section 1.4, 
namely avoiding the sludge settling to deteriorate to such a level that solid losses occur 
from the clarifiers. In Sections 4.1 and 4.2, the detailed follow-up of a daily cation 
analysis of the wastewater is related with the changing sludge settling over time. In 
Paragraph 4.2.3, it is described how the solids losses from the clarifiers are kept in 
control based on the insights gained from this research. In the next Section 4.3, the two 
Ca++ pools in the sludge floc structure are quantified, i.e., the exchangeable Ca++ 
fraction and the enmeshed (incorporated) Ca++ salt fraction. The variation in sludge 
settleability is then explained in terms of both Ca++ pools in Section 4.4.  
The here presented work is published as: 
 Peeters, B., Dewil, R., Lechat, D., Smets, I.Y. (2011). Quantification of the 
exchangeable calcium in activated sludge flocs and its implication to sludge 
settleability. Separation and Purification Technology 83, 1-8. 
 Peeters, B., Herman, S. (2007). Monitor cations in CPI Wastewater for better 
performance, Chemical Engineering 114, 56-62. 
 
4.1 Cation concentrations in the wastewater 
In the 3-year period from January 11, 2005 till January 11, 2008 the concentrations of 
Na+, K+, Ca++, Mg++ and Fe++/+++ (i.e., the sum of Fe++ and Fe+++, denoted as Fe++/+++ in 
short) in the wastewater were analyzed on a continuous basis. Other cations are not 
present at a significant (ppm) level, indicated by an initial screening phase in the week 
of January 11-17, 2005. During the first 20 months, daily samples were collected for 
cation analysis after which the frequency was reduced to 3 to 4 analysis a week, 
alternating over two days. A summary of the cation analysis in the wastewater is 
presented in Table 4-1.  
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Table 4-1: Summary of the Na+, K+, Ca++ , Mg++ and Fe++/+++ concentrations and the resulting 
M+/D++ ratio in the wastewater in the 3-years period from January 11, 2005 till January 11, 
2008 (N: number of samples). 
 
Na+, K+ and Ca++ are abundantly present in the wastewater, with an average 
concentration of 2313 ppm, 131 ppm and 579 ppm respectively, and are expected to 
play an important role from a cation balance point of view. The two other cations, Mg++ 
and Fe++/+++ (with 3-years average concentrations of respectively 7 ppm and 0.1 ppm), 
are present in an order of magnitude 100 to 1000 times lower than the three main 
cations (Na+, K+ and Ca++). Obviously, these two cations will not play any significant 
role in the sludge’s cation householding and are, hence, omitted for the rest of this 
research. The M+/D++ ratio was calculated based on the Na+, K+ and Ca++ concentrations 
in the analyzed water samples, and is summarized in the last column of Table 4-1.  
The upper graph of Figure 4-1 shows the concentrations over time of Na+ (in blue), K+ 
(in black) and Ca++ (in pink), along with the resulting M+/D++ ratio (in green; reading on 
the second Y-axes). As can be observed, the wastewater is characterized by very 
significant periodic changes of the Na+ and Ca++ concentrations, whereas the K+ 
concentration remains quite stable around a baseline of 130 ppm.  Variations of no less 
than 2000 ppm Na+ and 1000 ppm Ca++ are frequently experienced, and these changes 
occur in short time frames of 4-5 days. The different levels of these two cations are 
related to respectively the Na+ and Ca++ concentrations in the effluent streams (towards 
the WWTP) from only two (out of the eight) manufacturing plants on the Monsanto 
Antwerp site. The distinct Ca++ levels of approximately 1000, 800 and 600 ppm 
correspond with three different product types produced at one chemical unit, whereby 
three different amounts of Ca(OH)2 are used during manufacturing. In the case this 
plant, being the only supplier of divalent (Ca++) cations, goes in shutdown, a Ca++ 
depletion results from the wastewater, until a final level below 100 ppm Ca++ is reached.    
Na+ (ppm) K+ (ppm) Ca++ (ppm) Mg++ (ppm) Fe++/+++ (ppm) M+/D++ 
average (±  stdev) 2313 (± 961) 131 (± 24) 579 (± 342) 7 (± 3) 0,1 (± 0,3) 7 (± 7)
maximum 5353 195 1491 15 4 40
minimum 519 39 48 0,5 0 0,6
N 844 843 846 791 704 843
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The upper graph of Figure 4-1 clearly demonstrates the huge effect the Ca++ ions have, 
and more specifically the depletion of these divalent cations, on the M+/D++ ratio. Every 
time the supply of this divalent cation to the WWTP is stopped (seen as a step change of 
the Ca++ concentration in Figure 4-1 to a level below 100 ppm), the M+/D++ ratio 
increases significantly from a level of 2 or 5 (depending on the Na+ concentration at that 
moment) to a ratio beyond 10, 20, 30 or even 40 (depending on the Na+ concentration). 
This dependency of the M+/D++ ratio, mainly on the Ca++ concentration, is depicted in 
Figure 4-2. 
 
Figure 4-2: Dependency of the M+/D++ ratio in the water on 
the Ca++ and Na+ concentration. Data gathered over the 3-
year period from January 11, 2005 till January 11, 2008. 
 
4.2 Periodic changes in the SVI and the sludge inorganic 
fraction in relation to the periodic changes of the cation 
concentrations in the wastewater 
In the present section, the SVI variations, experienced in the above described 3-year 
period of continuous cation analysis in the wastewater, are discussed in a general sense. 
In the following Sections 4.3 and 4.4, a detailed study of the Ca++ pools in the sludge 
floc structure (i.e., calcium present as bridging Ca++ between the flocs, and calcium 
present in the flocs as enmeshed, precipitated CaCO3 solids) will provide a profound 
explanation for the observed variations in the SVI as a result of the (in the present 
paragraph discussed) changes in the cation concentrations in the water. 
A summary of the SVI in the 3-year period is presented in Table 4-2 for the two 
parallelly operated (West and East) biodegradation basins, illustrating the significant 
variations in the SVI, as well as the sludge inorganic fraction. The changes over time in 
these two key parameters are depicted in the lower graph of Figure 4-1 (SVI’s in blue 
and pink color; inorganic fractions in red), right under the time trend graph of the 
cations in the wastewater. Additionally, the total suspended solids (TSS) losses 
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1400120010008006004002000
40
30
20
10
0
0-1500 ppm
1500-3000 ppm
3000-4500 ppm
4500-5500 ppm
[Na+] (ppm)
M
+ /
D
++
Chapter 4 - Effect of changing cation concentrations in the wastewater on SVI and sludge inorganic fraction 
 
67 
 
analyzed in the clarifier overflow are shown as well in Figure 4-1 (in black; reading on 
the second Y-axes).  
 
 
Table 4-2: Summary of the sludge volume index (SVI) and sludge inorganic 
fraction of the two parallel operated (West and East) biodegradation basins in the 
3-year period from January 11, 2005 till January 11, 2008 (N: number of samples). 
 
4.2.1 SVI changes in relation with changing Ca++ in the water 
 
The numbers 1 to 13 in Figure 4-1 (except 4b, which is separately discussed in 
Paragraph 4.2.2) indicate periods of increasing SVI induced by an increase of the 
M+/D++ ratio as a result of a Ca++ depletion from the water, followed by a decrease again 
(or, the ending of the induced increasing trend) of the SVI as a result of a re-supply of 
Ca++ ions in the water. It should be noticed that, in the case the Ca++ is depleted from the 
water for only a few days, this results in no observable change in the SVI, as is the case 
for example around 5 September 2005 (in between the numbers 1 and 2) and 9 January 
2007 (in between the numbers 9 and 10). Next, it is remarkable - at least, at first sight - 
that a comparable deterioration in the cation balance in the water can result in different 
final sludge settling properties. For example, although period 5 and period 6 are 
characterized by a comparable M+/D++ ratio profile (i.e., in terms of its extent and 
duration), yet the SVI increases to around respectively 45 mL/g and 65 mL/g as a result 
of the Ca++ depletion. Depending on the initial sludge characteristics before the Ca++ 
depletes from the system, the final properties can be quite different, and, hence, good 
knowledge of the sludge history is a prerequisite to make reliable prognoses on future 
sludge’s settleability based on the forecast of the cation balances. This will be further 
explained in Section 4.4 
 
4.2.2 SVI changes in relation with a long-term decrease of Na+ in the 
water (and related increase of the sludge inorganic fraction) 
 
A remarkable observation was made during the 1-month shutdown period from 16 
October till 16 November, 2005 (indicated with number 4b in Figure 4-1) of the 
manufacturing plant that is the main supplier of sodium to the WWTP. As a result of 
this shutdown, the Na+ concentration was for the first time (exceptionally) low in the 
wastewater at 700 ppm during a whole month, while the Ca++ concentration in that 
period was at a (normal) high level of 700 ppm. This period followed after the period 
during which a Ca++ depletion firstly caused an increase of the SVI (indicated with 
number 4a in Figure 4-1). But, from October 19th on, when there was again a high 
concentration of Ca++ in the wastewater, in combination with the very low baseline of 
SVI (mL/g) sludge inorganic fraction (%) SVI (mL/g) sludge inorganic fraction (%)
average (±  stdev) 66 (± 20) 41 (± 14) 67 (± 17) 40 (± 14)
maximum 124 66 113 68
minimum 26 11 30 15
N 628 164 538 164
West basin East basin
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the Na+, the SVI started to decrease continuously from about 90-100 mL/g to 30 mL/g, 
and, simultaneously, the sludge inorganic fraction increased from 25% to 65%, reaching 
its full extent at the end of November. The explanation for this observation will be 
found in the water chemistry, and more precisely in the so called “no common ion 
effect”, after first revealing the major part of the inorganic fraction. 
 
Specification of the sludge inorganic fraction 
 
A thermo gravimetric analysis (TGA) presented in Figure 4-3 of a sludge sample 
(already dried at 105° C), with a volatiles fraction of 35% and, hence, an inorganic 
fraction of 65%, demonstrates that the largest part of the sludge inorganic fraction are 
CaCO3 solids. The weight loss of 27% in the temperature range from 650-750 °C is due 
to the thermal decomposition of CaCO3 (Fernández et al., 2010; Fernández, 2011) 
following the reaction  
 
CaCO3(s)  CaO (s) + CO2 (g)  
 
which means that 27*(100/44) or 61% of the sludge is composed of enmeshed CaCO3 
solids (taking into account the respective molecular weights of CaCO3 and CO2, 100 and 
44 g/mol). The final ashes (38%) remaining after the TGA are mainly composed of CaO 
solids (34%) and another small inorganic fraction (4%) originating from the 
decomposition of the sludge. The CaO content of the final ashes is confirmed by an 
additional cation analysis of the final ashes indicating that 64% of the final ashes is 
calcium. In conclusion, 61/65 or roughly 94% of the sludge inorganic fraction are 
precipitated CaCO3 solids. A TGA of pure lab grade CaCO3 solids (in calcite crystal 
structure; Goossens, 2011) was executed as well (red curve in Figure 4-3) to serve as a 
reference for the CaCO3 thermal decomposition.  
 
Figure 4-3: Thermo gravimetric analysis (TGA) of a sludge sample with an 
inorganic fraction of 65%. Prior to the TGA, the sludge was dried at 105°C. The 
TGA of pure CaCO3 solids (curve in red) serves as a reference for the thermal 
decomposition of these solids in the temperature range from 650 to 750 °C. 
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Another experiment was conducted later on for sludge with a volatile fraction of only 
27.4% (inorganic fraction of 72.6%) to confirm the massive amount of CaCO3 solids 
being enmeshed in the floc structure. Sludge that was firstly kept at a pH between 4.5 
and 5.5 during one day (by dosing HCl) to firstly disolve the present CaCO3 solids 
according to the reaction  
 
CaCO3(s) + 2HCl  CaCl2 + H2O + CO2 (g) 
 
had a final volatile fraction of 87.1 ± 1.4 % (Table 4-3). This means that the (untreated) 
sludge as such had a CaCO3 fraction that equals [100 – (27.4/0.871)] or 68.5%. Again, 
this is the major part, by far, of the total sludge inorganic fraction, i.e. 68.5/72.6 or 
approximately 94% of the inorganic fraction are CaCO3 solids. The volatile fraction of 
87.1% ± 1.4 % found for the sludge, left after dissolving the enmeshed CaCO3 solids, is 
the highest volatile fraction that is encountered for the Monsanto sludge in the case of 
no CaCO3 solids being enmeshed in the flocs like, e.g., in the period indicated with 
number 9 in Figure 4-1. 
 
 
Table 4-3: Analysis of the volatile fraction of sludge with an inorganic fraction of 
72.6% that was firstly kept at a pH of 4.5 to 5.5 (using HCl) to dissolve the 
present CaCO3 solids (prior to a next volatiles analysis) resulting in a final volatile 
fraction of 87.1% (N: number of analysis). 
 
A microscopic picture of the Monsanto sludge shown in Figure 4-4, clearly shows the 
massive amounts of CaCO3 solids enmeshed within the activated sludge flocs. 
 
 
 
Figure 4-4: Microscopic picture (500 ×) of Monsanto sludge with 
a major part of the sludge solids existing of CaCO3 (Differential 
Interference Contrast method; Courtesy of Microsurvey). 
 
  
sludge as such sludge after pH (5) treatment
average (± stdev) 27.4 (± 1.0) 87.1 (± 1.4)
N 4 4
volatiles analysis
CaCO3
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Explanation for a higher CaCO3 amount in the sludge floc 
 
In the presence of higher Na+ (and Cl-) concentrations in the wastewater, the solubility 
of CaCO3 increases. This effect is referred to as the “no common ion effect” or 
“salt/electrolyte effect” and is the result of increasing the ionic strength of the water 
solution (Skoog et al., 1992; Nengkoda, 2006). In the case of a high NaCl concentration 
in the influent stream to the biodegradation basin, the Ca++ ions are surrounded by an 
ionic atmosphere or a cloud of ions that carries a net negative charge on average due to 
repulsion of Na+ ions and attraction of Cl- ions. This charged layer makes the Ca++ ions 
somewhat less positive than they would be in the case of a lower NaCl electrolyte 
concentration. The consequence of this electrolyte effect is a decrease in overall 
attraction between the Ca++ ions and the CO32- in the wastewater (the CO32- in turn 
surrounded by a cloud of ions that carries a net positive charge), which finally yields an 
increase in the CaCO3 solubility (Skoog et al., 1992). A higher NaCl concentration 
results, therefore, in smaller amounts of precipitating CaCO3 solids, and, hence, lower 
amounts of these heavy solids being incorporated in the sludge flocs. In period 4b of 
Figure 4-1, the same mechanism, but then for an opposite low NaCl concentration in the 
water, resulted in the observed high inorganic fraction. As will be discussed later in 
Section 4.4, these inorganic solids have a major impact on the sludge floc structure. 
It must be mentioned that the same mechanism is causing increased amounts of 
precipitating CaCO3 solids from the water, being enmeshed (incorporated) in the sludge 
floc structure, since the final closure of the main Na+ supplying plant at the end of 2010. 
As a result of the continuously low NaCl concentrations since then in the wastewater, 
the sludge inorganic fraction increased to values of even 91% corresponding with an 
SVI as low as 20 ± 4 mL/g as shown in Section 4.4. 
 
4.2.3 CaCl2 dosing at the WWTP to stabilize an increasing SVI  
 
To further substantiate the positive effect of Ca++ on the sludge settling, CaCl2 solution 
was added in the influent stream towards the biodegradation basin at the WWTP itself 
during three periods, at the end of the 3-year lasting cation study. These three periods 
were characterized by a Ca++ depletion from the water as a result of the shutdown of the 
Ca++ supplying plant. They are marked with a black box at the right side of Figure 4-1 
and identified as C1, C2 and C3. From Figure 4-1, it can be seen that the induced 
deterioration of the SVI (shown with the dotted lines in the lower graph) was stopped 
with success, and hence, kept under control by adding Ca++ in the water in these three 
periods. 
The details of the last two periods C2 and C3 are shown over one month in the upper 
and lower graph of Figure 4-5. In addition to the Ca++ concentration in the wastewater 
leaving the basin (shown in red), during these two specific tests the Ca++ concentration 
was analyzed in particular also in the main feed stream to the biodegradation basin 
(shown in green in Figure 4-5), to allow an even more exact evaluation of the effect 
Ca++ supply has on the sludge settleability. The Ca++ concentration in the water after it 
Chapter 4 - Effect of changing cation concentrations in the wastewater on SVI and sludge inorganic fraction 
 
71 
 
has passed the basin with sludge (shown in red), is lower than the Ca++ concentration in 
the feed stream (shown in green) because of the diluting effect of the feed stream with 
the recycle sludge stream and the other (nitrate rich) influent stream (see Figure 1-1), 
and because of Ca++ that is retained by the sludge flocs. It must be mentioned that, 
compared to the Ca++ levels normally encountered in the wastewater (i.e., a baseline of 
1000, 800 and 600 ppm in the final water), the Ca++ during the tests was kept at a 
significantly lower level of plus minus 400 ppm in the final water for different days to 
allow to study the Ca++ effect at these lower levels. In normal conditions, the Ca++ 
concentration actually never remained at a lower level than 600 ppm (except 100 ppm 
during the complete Ca++ depletion periods) for different days. 
In both experimental periods C2 and C3, initially an SVI increase was caused by a Ca++ 
depletion from a level of 900-1000 ppm to 100 ppm in the final water, increasing the 
M+/D++ ratio from a level of 2 to 20-25. After the SVI deterioration clearly had started 
to manifest, the dosing of CaCl2 in the feed was started to reach a level of 400 ppm Ca++ 
in the wastewater, indicated with green arrows in Figure 4-5. The M+/D++ ratio 
decreased accordingly to a level of 7. From that moment on, the SVI values started 
clearly to deviate from the increasing trend (shown with the dotted lines), and the sludge 
settling was kept under control (stabilized) until plenty of Ca++ was supplied again one 
week later by the start-up again of the Ca++ supplying plant, at the right side of the 
graphs. As a result of restoring a low M+/D++ of 2 again, the SVI started to decrease 
again. In the case no CaCl2 would have been added, the SVI would have ended at a 
level of about 90 mL/g based on the extrapolation of the increasing SVI trend, resulting 
in initial solids losses from the clarifiers. Interestingly, since the M+/D++ only decreased 
to a level of 7 during the days of the Ca++ addition, whereby, yet, the SVI was kept 
under control, it seems that this M+/D++ ratio of 7 thus was sufficient to stabilize the 
SVI, whereas a lower M+/D++ ratio of 2 is apparently needed to result in an improvement 
of the SVI (Higgins and Novak, 1997b).   
As mentioned earlier, a thorough analysis of the SVI changes due to two mechanisms 
will be discussed in Section 4.4. At this stage, however, it should be mentioned that the 
SVI variations (and its control by the Ca++ addition) took place while the sludge 
inorganic fraction remained quite constant at respectively 35% and 45% for period C2 
and C3, as shown in Figure 4-5. Therefore, the increase in SVI from 55 to 70 mL/g (in 
period C2) and from 45 to 65 mL/g (in period C3) is mainly attributed to the cation 
exchanging mechanism, at a constant sludge inorganic fraction. The supply of the Ca++ 
then avoided the SVI to further increase to a maximum attainable value of 100 and 90 
mL/g respectively, at these 35% and 45% inorganic fraction (discussed later on the basis 
of Figure 4-11). 
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Figure 4-5: Two details of the CaCl2 addition at the WWTP itself during periods of Ca++ 
depletion from the water as a result of the shutdown of the Ca++ supplying manufacturing 
plant on site (upper graph shows the boxed period C2 in Figure 4-1, and the lower graph the 
boxed period C3). Thanks to this Ca++ supply in the feed to the biodegradation basin, the 
increasing trend of the SVI was successfully stopped, stabilizing the sludge’s intrinsic 
settleability. 
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4.2.4 Critical M+/D++ ratio? 
 
For this particular industrial WWTP, with its ever-changing cation balance, it is not 
easy to verify “the” critical ratio, as suggested by Higgins and Novak (1997b), from 
where on the monovalent cations start to become a problem. Speaking in general terms, 
based on the 3-years average values, an M+/D++ ratio of 7 (Table 4-1) yielded an SVI of 
67 mL/g (Table 4-2) and the ‘average’ sludge can, hence, be described as a good 
settling sludge (Gray, 2004; Sanin et al., 2011). This M+/D++ value of 7 seems to be 
confirmed by the outcome of the plant experiments with the short-term CaCl2 addition, 
since an increasing SVI trend, as a result of a definitely too high M+/D++ of 20, was 
turned into a stabilized SVI after decreasing the M+/D++ to 7. 
In conclusion, from the detailed follow-up of the cation balance in the wastewater along 
with the SVI during 3 years, it was inferred that the Ca++ in the wastewater plays a 
central role in the determination of the sludge settling properties. A depletion of Ca++ 
from the water increased the SVI, whereas a re-supply of Ca++ to the water decreases 
the SVI again. A low electrolyte concentration in the water, exemplified by a low Na+ 
concentration in the water, results in a very low SVI as a result of more heavy CaCO3 
solids being incorporated in the floc structure, because in that case CaCO3 remains less 
soluble in the water.  
 
Notwithstanding the changes in Ca++ and Na+ in the water explain almost all variations 
by far in the sludge settling of the Monsanto WWTP, other mechanisms can also cause 
changes in SVI. Without having studied it in any detail, e.g., two increases in the SVI 
(unexpected increases, because following right after periods 9 and 10 when Ca++ was re-
entering the system again) in the middle of November 2006 and June 2007 (indicated 
with a and b in the lower graph of Figure 4-1) were linked with a sudden (and short-
term) increase in aniline in the water coming from one of the manufacturing plants. In 
literature, the negative effect of a chloro-aniline shock load on the SVI is described 
(Boon et al., 2003).  
 
The sludge settleability is a key parameter in activated sludge WWTPs since it directly 
influences the efficiency of the sedimentation step following the biological breakdown 
of the contaminants in the biodegradation basin. The relation between the SVI and the 
solids concentration in the clarifier overflow and underflow is shown, respectively, in 
the upper and lower graph of Figure 4-6, representing, respectively, 1350 and 470 data 
points. A low SVI results in (i) minor solids losses from the clarifiers and (ii) in a higher 
solids concentration of the thickened clarifier underflow. Regarding the solids losses via 
the clarifier overflow, an SVI of approximately 80 to 90 mL/g seems to be the threshold 
from whereon solids losses start to appear from the clarifiers of this particular WWTP. 
Besides the intrinsic sludge settling ability (SVI), also operational parameters influence 
the TSS in the clarifier overflow, like for instance the residence time of the treated water 
in the clarifier for solids settling taking place.  
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Figure 4-6: Relation between the sludge volume index (SVI) and the solids 
concentration (TSS losses) in the the clarifier overflow (upper graph), and the 
(thickened) solids concentrations (MLSS) in the clarifier underflow (lower graph). 
 
4.3 Quantification of the two Ca++ pools in the activated 
sludge floc: DCBT-Ca and Ca-solids 
In this paragraph, the exchangeable Ca++ in the activated sludge flocs (hereafter referred 
to as DCBT-Ca) is quantified next to the Ca++ present in the floc structure as enmeshed 
solid precipitates (hereafter referred to as Ca-solids). For this, the Ca++ concentration 
was weekly analyzed in the ashes of sludge during more than 1 year from November 17, 
2005 till January 11, 2007. This period is illustrated in the middle of Figure 4-1, starting 
from the period identified with number 4b and beyond the period indicated with number 
9. In this period, the sludge inorganic fraction showed considerable variations over time 
140120100806040200
700
600
500
400
300
200
100
0
SVI (mL/g)
C
la
rif
ie
r 
ov
er
flo
w
 s
ol
id
s 
(T
SS
) 
co
nc
en
tr
at
io
n 
(m
g/
L)
140120100806040200
60000
50000
40000
30000
20000
10000
SVI (mL/g)
Cl
ar
ifi
er
 u
nd
er
flo
w
 s
ol
id
s 
(M
LS
S)
 c
on
ce
nt
ra
tio
n 
(m
g/
L)
R²=0,75 
Chapter 4 - Effect of changing cation concentrations in the wastewater on SVI and sludge inorganic fraction 
 
75 
 
between 10% and 70% (Figure 4-1). The DCBT-Ca fraction was quantified 
independently by three additional tests by calculating the higher Ca++ release from the 
sludge flocs in case they are exposed to a combination of Al3+ and a low pH (releasing 
both Ca++ pools from the floc, i.e., exchangeable Ca++ and enmeshed Ca++ solids), 
compared with an exposure to a low pH only (releasing solely the Ca++ solids from the 
floc). In the next Section 4.4, the impact of both Ca++-pools on the settleability of the 
sludge is assessed.  
 
4.3.1 Materials and Methods 
 
Calcium equivalents per unit MLVSS. During a period of one year, 119 activated 
sludge samples were analyzed covering a wide spectrum of different sludge 
compositions. After analysis of MLSS and MLVSS, the contribution of Ca++ to the 
inorganic fraction was determined. Results are reported as Ca++ milli-equivalents per 
unit of MLVSS. For example, in case of sludge with a volatile fraction of 68.0% (32.0% 
inorganic fraction), and a Ca++ concentration of 20.8% in the inorganic fraction, the 
Ca++ equivalents per unit MLVSS is found as:
 
MLVSSg
Cameq
MLSSg
MLVSSg
Cag
meq
inorganicsg
Cag
MLSSg
inorganicsg
MLVSSg
Cameq 





22
2
2
9.4
100
0.68
40
2000
100
8.20
100
0.32
 
 
Confirmation tests. Three additional tests (referred to as Test 1, Test 2 and Test 3) 
were executed to quantify and distinguish between the DCBT-Ca and Ca-solids 
fractions in the sludge, independently of the former calcium analysis on the inorganic 
fractions, in order to confirm the conclusions deduced from this inorganics analysis.  
For this purpose, activated sludge was exposed on the one hand to the combination of 
Al3+ ions and a low pH, and on the other hand sludge was exposed only to a low pH. 
Sludge exposed to trivalent Al3+ cations exchanges its divalent exchangeable Ca++ 
fraction from the flocs, whereas a low pH of 4 results in the dissolution of the Ca-solids 
enmeshed in the floc structure. Sludge exposed to both (Al3+ and low pH) will release 
its total calcium content, that is to say, both DCBT-Ca and Ca-solids fractions. The low 
pH of 4 in the beaker wherein also AlCl3 was added guarantees Al3+ to be present as the 
main species in the water (see Figure 2-8). The principle of the tests is schematically 
depicted in Figure 4-7. 
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Figure 4-7: Schematic representation of the activated sludge floc and the two 
calcium pools on the flocs, DCBT-Ca and precipitated Ca-solids. Al3+ 
exchanges de DCBT-Ca whereas the Ca-solids are dissolved at low pH. 
 
More specifically, in a first beaker, 0.8 L of raw sludge was exposed to Al3+ ions by the 
addition of 5 g AlCl3. This salt was first dissolved in 0.1 L final treated wastewater with 
the same composition as the water surrounding the sludge flocs and the increased 
temperature of the dissolved salt solution (exothermic reaction) was brought back to 
room temperature before it was used. The dosing of 5 g AlCl3 corresponds with an 
addition of approx. 11 meq Al3+/g MLVSS for a typical MLVSS of 12 g/L in the tests. 
This is an order of magnitude 15 larger than the expected exchangeable Ca++ on the 
sludge flocs (i.e., 0.7 meq Ca++/g MLVSS as deduced from the earlier executed one-
year calcium analyses on the inorganics) to ensure enough trivalent cations were present 
to exchange the DCBT-Ca fraction. The pH was adjusted to and maintained at 4 by 
addition of HCl during the whole experiment lasting approximately one day. In parallel 
to this experiment, in a second beaker, 0.8 L of sludge with the same addition of 0.1 L 
final treated effluent was brought to a pH of 4 with HCl, and this pH was also 
maintained as was the case in the first beaker. In practice, addition of HCl was needed 
during the first hour of the experiment after which the pH remained stable at 4.0 +/- 0.2. 
The two beakers were gently stirred in a typical Jar test apparatus. The lower volume of 
HCl needed in case of prior AlCl3 addition (which by itself induces a slight pH drop) 
(beaker 1) was not compensated during the first two tests (but, obviously, the small 
difference in added volumes was taken into account for the quantification of the DCBT-
Ca fraction), whereas during Test 3 the lower HCl dosing into the beaker 1 was 
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compensated by the addition of demineralized water so that the initial volumes of both 
beakers was exactly the same in Test 3.  
During the first two tests, Test 1 and Test 2, homogenized samples were taken from the 
mixtures after 15 minutes, 1 hour, 2 hours, 3 hours and approximately 1 day, whereas 
for Test 3 only one sample was taken after 1 day. The latter was decided based on the 
results of the earlier executed Test 1 (steady state reached after 3 hours, because a rather 
small amount of CaCO3 needed to be dissolved) and Test 2 (all calcium found back in 
the water sample after 1 day, because more time was needed here to dissolve the 
significant amounts of CaCO3); the CaCO3 content in the sludge used in Test 3 was 
higher than in the case of Test 2 but analysis after 1 day was still found to be 
appropriate.  The calcium release from the floc structure is quantified by analysis of the 
calcium concentration in the water phase of the samples. 
 
Statistics. A test for equal variances was performed with the MINITAB® software 
package. The standard deviations of the calculated Ca++ fractions (based on analyzed 
Ca++ concentrations and MLVSS measurements) were found according to the 
propagation of errors. 
 
4.3.2 Results and discussion 
 
Calcium equivalents per unit MLVSS. The milli-equivalents of Ca++ present in the 
sludge flocs per unit of (negatively charged) organic sludge solids as function of the 
sludge inorganic fraction are depicted in Figure 4-8. The amount of calcium found back 
in the sludge floc structure increases with increasing inorganic fraction. At the lowest 
(10%) and highest (70%) inorganic fraction the calcium in the flocs ranges from 0.7 to 
37 meq Ca++/g MLVSS. The observation that this ratio of calcium per unit organic 
matter (i.e., this ratio of calcium per unit of negative floc charge) increases, indicates 
that for the higher inorganic fractions the extra positive charges of Ca++ are not charge-
compensated by the negative charges of the flocs. Stated differently, from Figure 4-8 it 
is postulated that the increasing calcium content in the floc structure is caused by 
enmeshment of calcium precipitates, mainly CaCO3, and not by an increase of the 
exchangeable DCBT-Ca. The latter was, at this stage of the research, assumed to be 
approximately equal to 0.7 meq Ca++/g MLVSS, being the asymptotic value of the curve 
in Figure 4-8 at the lowest inorganic fraction. This value is of the same magnitude as the 
total negative charge of flocs which lies in the range of -0.1 to -0.7 meq/ g MLVSS 
(Shin et al., 2000; Liao et al., 2001; Sponza, 2002, 2003; Jin et al., 2003; Mikkelsen, 
2003), and is in line with values of exchangeable Ca++ reported in a recent study from 
Park and Novak (2007). 
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Figure 4-8: Calcium content on the activated sludge floc expressed as milli-equivalents of 
Ca++ per unit of mixed liquor volatile (organic) suspended solids (MLVSS), as function of 
the sludge inorganic fraction. Test 1, Test 2 and Test 3 show the results of confirmation tests. 
 
The relative amount of the two calcium pools in the sludge floc is presented in Figure 4-
9. At an inorganic fraction of 15%, the contribution of the exchangeable DCBT-Ca is 
very significant at a level of 55% of the total calcium present in the flocs. With 
increasing sludge inorganic fractions, the contribution of the exchangeable calcium 
fraction decreases as a result of incorporation of precipitating Ca-solids in the sludge 
flocs. The DCBT-Ca contribution is reduced to only 5% and lower for inorganic 
fractions of 50% and larger; the Ca-solids constitute then 95% and higher of the total 
Ca++ retrieved from the activated sludge. In a next step, the above hypothesis of a rather 
constant amount (and its indicative value) of exchangeable DCBT-Ca has to be verified. 
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Figure 4-9: Estimated relative contribution (%) of the exchangeable DCBT-Ca and enmeshed 
Ca-solids fractions to the total calcium content on the sludge flocs, as function of its inorganic 
fraction (based on the estimated DCBT-Ca fraction of 0.7 meq Ca++/g MLVSS). 
 
Confirmation tests. To quantify, and thereby validate the exchangeable calcium 
fraction deduced from the inorganics’ analyses summarized in Figure 4-8, three 
additional experiments were run with significantly different sludges, obtained in a time 
frame of four months as a result of changing cation concentrations in the wastewater. 
Characteristics of the raw sludges are shown in Table 4-4. The total Ca++ present in the 
sludge flocs of Test 1, Test 2 and Test 3 was respectively 6.3 (± 0.1), 25.7 (± 0.7) and 
43.7 (± 0.8) meq Ca++/g MLVSS (shown in Figure 4-8).  
 
 
Table 4-4: Composition of the raw sludge used in Test 1, Test 2 
and Test 3 (in parentheses: standard deviation; number of data). 
 
In Table 4-5 the different additions into both beakers 1 and 2 are presented for the three 
separate tests. In the beaker 2, without prior AlCl3 dosing to the sludge, the volume of 
HCl needed to obtain a pH of 4.0 was 30 mL (Test 1), 120 mL (Test 2) and 180 mL 
(Test 3), corresponding with the amounts of inorganic solids to be dissolved (Table 1). 
A smaller volume of acid was needed in case AlCl3 was first added to the sludge (in 
beaker 1), i.e., 10 mL (Test 1), 100 mL (Test 2) and 160 mL (Test 3). During the last 
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Test 1 Test 2 Test 3
MLSS (g/L) 25.2 (0.1;2) 32.4 (0.1;2) 37.3 (0.1;2)
MLVSS (g/L) 15.2 (0.1;2) 12.0 (0.3;2) 11.3 (0.2;2)
inorganic fraction (%) 39.6 (0.5;2) 63.0 (0.9;2) 69.8 (0.5;2)
SVI (mL/g) 40.4 25 25
[Ca2+] in homogeneous sample (ppm) 2319 (20;2) 6942 (90;2) 10123 (184;2)
[Ca2+] in water (ppm) 406 (4;2) 781 (19;2) 192 (15;2)
pH 7.0 7.0 7.3
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Test 3, the difference of 20 mL between the beaker 1 and beaker 2 was compensated by 
an addition of 20 mL demineralized water in beaker 1. 
 
 
Table 4-5: Additions to the different beakers in Test 1, Test 2 and Test 3. 
 
The calcium concentration in the water as function of the reaction time is shown in 
Figure 4-10. The shape of the curves is comparable for both Test 1 and Test 2. Initially, 
already after 15 minutes, there is a steep increase in the calcium concentration in the 
water, followed by a slow release of the remaining calcium from the flocs into the 
surrounding water. At the early stage of the tests a remarkable gas generation was 
observed in both beakers, as the result of the dissolution of the calcium carbonates 
yielding CO2 gas escaping from the mixtures following the reaction CaCO3 (s) + 2H3O+ 
 CO2 (g) + 3H2O + Ca++.  The total Ca++ content of the flocs was entirely released into 
the water in case of the Al3+ addition tests. Larger amounts of total Ca++ incorporated in 
the sludge flocs (Test 3 > Test 2 > Test 1) is reflected by the higher Ca++ release from 
the flocs into the water. The final calcium concentrations in the different mixtures are 
summarized in Table 4-6. For Test 1, the difference in Ca++ released from the flocs 
between beaker 1 and beaker 2 amounts to (2098 ppm × 0.91 L – 1936 ppm × 0.93 L) = 
109 mg Ca++ being equivalent with a DCBT-Ca fraction of 0.45 (± 0.03) meq Ca++/g 
MLVSS (since the total MLVSS equaled 0.8 L × 15.2 g MLVSS/L = 12.2 g MLVSS). 
For Test 2 and Test 3 the DCBT-Ca fraction was found accordingly as 0.5 (± 0.1) and 
1.0 (± 0.4) meq Ca++/g MLVSS. The data from the three confirmation tests are shown in 
Figure 4-8 and confirm a rather constant DCBT-Ca value along the different inorganic 
contents of the sludge.  
In conclusion, based on the cation analysis of the sludge ashes and the three 
confirmation tests, it can be inferred that the bridging Ca++ fraction (i.e., the DCBT-Ca) 
is equal to 0.7 (± 0.1) meq/g MLVSS. 
 
beaker 1  beaker 2 beaker 1  beaker 2 beaker 1  beaker 2
raw sludge  0.8 L 0.8 L 0.8 L 0.8 L 0.8 L 0.8 L
final treated water  0.1 L 0.1 L 0.1 L 0.1 L 0.1 L 0.1 L
AlCl3  5 g 5 g 5 g
HCl  0.01 L 0.03 L 0.1 L 0.12 L 0.16 L 0.18 L
demineralised water  0.02 L
Total initial volume 0.91 L 0.93 L 1.00 L 1.02 L 1.08 L 1.08 L
Test 1 Test 2 Test 3
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Figure 4-10: Confirmation Test 1, Test 2 and Test 3. The difference in the 
Ca++ release from the flocs (by exposing sludge to Al3+ and low pH, or solely 
low pH) into the water yields the exchangeable DCBT-Ca fraction. 
 
 
 
Table 4-6: Calcium concentration in the water at the end of 
the test (in parentheses: standard deviation; number of data). 
 
 
4.4 SVI as a function of the sludge inorganic fraction and 
the role of the two Ca++ pools in the sludge flocs (DCBT-Ca 
and Ca-solids) on the SVI  
The SVI as a function of the sludge inorganic fraction is shown in Figure 4-11 
representing an extended data base with 795 sludge analyses over a period of 7 years 
(2004-2011). Additionally, the overall standard deviation of the SVI is shown in Figure 
4-12 using the same set of data classified now in sludge inorganic classes. The short 
term standard deviation of the SVI (induced by the measurement itself) is 4 mL/g. The 
significant changes in SVI (and its variation) in the range of 20 to 120 mL/g can be 
explained by the relative contribution of the exchangeable DCBT-Ca and enmeshed Ca-
solid fractions at the different inorganic fractions as presented in Figure 4-9.  
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Figure 4-11: Sludge volume index (SVI) (95% PI) as a function of the sludge 
inorganic fraction (data set of 795 sludge analyses gathered over a 7-year period). 
 
 
 
Figure 4-12: Standard deviation (95% CI) of the SVI as a function of 
classes of inorganic fraction (same data used as depicted in Figure 4-11). 
 
At an inorganic fraction of 15%, the contribution of the DCBT-Ca is 55% to the total 
calcium amount on the flocs (Figure 4-9) whereas the importance of the Ca-solids 
clearly diminishes. It is plausible to state that the observed range between an SVI of 70 
and 120 mL/g at this low inorganic fraction (Figure 4-11) can be mainly attributed to 
the mechanism of exchanging cations on the sludge floc according to the Divalent 
Cation Bridging Theory. An increased SVI of 120 mL/g will be experienced in case the 
DCBT-Ca fraction on the flocs (0.5 to 1.0 meq Ca++/g MLVSS) is replaced by 
monovalent cations in a period of Ca++ depletion from the incoming wastewater (see 
Figure 4-1), subsequently resulting in a disintegration of the floc structure into small 
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individual flocs which will not settle properly. When Ca++ is supplied again to the 
biology via the influent, Ca++ exchanges the monovalent cations on the floc structure 
again, hence restoring its central role as DCBT-Ca on the floc, and SVI decreases again. 
This is demonstrated at the left side of Figure 4-13 where, for the period of July-August 
2005 (indicated with number 3 in Figure 4-1), (i) the Ca++ and Na+ concentration in the 
final effluent of the WWTP is shown, along with the M+/D++ ratio (upper graph); and 
(ii) the SVI ranging from 70 to 120 mL/g, and the (low) sludge inorganic fraction 
ranging from 22 to 32% (lower graph). Around July 11, the M+/D++ ratio in the 
wastewater increases as a result of a Ca++ depletion from the system. Subsequently, the 
SVI starts to increase, which initially can be attributed to the combined effect of a 
reduction in the inorganic fraction from 32% to 22% and the cation exchange from the 
flocs. However, in the next period characterized by an almost constant inorganic 
fraction of 22 (±2) %, the SVI increases from 90 to 110 (±5) mL/g which is attributed 
then to the mechanism of the exchanging cations on the sludge floc. It must be 
mentioned that the ultimate effect of the change in wastewater characteristics was not 
seen in the SVI until approximately 3 weeks (or almost 1 SRT, being one month) had 
passed. According to Sobeck and Higgins (2002) even 2-3 SRTs are required before 
floc properties stabilize after a change in cation concentrations. The positive impact of 
the Ca++ supply into the wastewater around August 5 is reflected in an improvement 
again of the settleability, initially still at a 22% inorganic fraction, and thus solely 
ascribed to the DCBT mechanism.  
With increasing inorganic fractions, when more enmeshed Ca-solids make the flocs 
heavier, the maximum attained SVI is lower. The most significant physical property 
affecting the settling characteristics is the sludge density; the greater the density 
difference between sludge and water, the better the sludge settles (Piirtola et al., 1999a; 
Jones and Schuler, 2010). The sludge density depends mainly on the ratio of organic 
material and inorganic material in the sludge. The higher the amount of inorganic 
compounds of a sludge, the higher the density of the sludge particles (ρorganic ~ 1.05 
g/mL; ρCaCO3 ~2.6 g/mL) resulting in a better sludge settling (Piirtola et al., 1999a; Kopp 
and Dichtl, 2001; Yu et al., 2001; Liu and Sun, 2011). For example at an inorganic 
fraction of 35% the SVI ranges between 90 and 50 mL/g. The observation that the SVI 
only attains a maximum value of 90 mL/g at a 35% inorganic fraction (instead of 120 
mL/g at a 15% inorganic fraction) is explained by the fact that when floc disintegration 
occurs in this case (when the flocs have released their exchangeable DCBT-Ca fraction 
as result of changing cations in the wastewater) the resulting individual small floc 
entities still settle better because of the higher concentration of Ca-solids enmeshed in 
these flocs, obviously turning these smaller flocs heavier than in case of a 15% 
inorganic fraction.  
In case the activated sludge is comprised of more than 50% inorganics, enmeshment of 
precipitating Ca-solids within the floc structure is dominant by far (> 95% of the 
calcium on the flocs being present as Ca-solids; Figure 4-9), yielding a heavier floc that 
settles unambiguously well. The latter is demonstrated in Figure 4-12 by the statistically 
significant lower standard deviation of the SVI (Levene’s test p-value of 0.00) for 
sludges comprised of an inorganic fraction in excess of 50%. In case the inorganic 
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fraction exceeds 60%, the Ca-solids contribute already for 97% to the total Ca++ on the 
flocs (Figure 4-9) which is reflected in a further reduction of the SVI standard deviation. 
This indicates that higher amounts of Ca-solids incorporated in the floc structure limit 
the increase in SVI once the DCBT-Ca fraction is released from the flocs. All this is 
demonstrated at the right side of Figure 4-13 covering the period from December 2005 
to March 2006 (indicated with number 5 and 6 in Figure 4-1), characterized by a (high) 
sludge inorganic fraction from 40 to 65% and a low SVI ranging from 30 to 70 mL/g. 
The increasing and decreasing SVI trend is explained well by considering only the 
decreasing and increasing trend, respectively, of the sludge inorganic fraction, while the 
separate effect of the cation exchanging mechanism taking place simultaneously (related 
to the M+/D++ ratio in the influent) is not significantly observed (which, in contrast, was 
the case at the left side of Figure 4-13, at the low inorganic fraction). 
In the extreme case the sludge inorganic fraction exceeds 70%, even up to a maximum 
of 91%, the sludge attains its lowest possible and constant SVI of 20 ± 4 mL/g, with a 
minimum of 11 mL/g, as depicted in Figure 4-11. The SVI remains at this low level 
during 2-3 SRT’s (Sobeck and Higgins, 2002; Higgins et al., 2004b), until the older, 
existing sludge flocs (with the very high inorganic fraction, formed under the historical 
cation balance) are washed out of the system. The average inorganic fraction of the 
sludge (being a mixture of the older sludge and newly formed sludge, the latter under 
the new cation balance) reduces then to 70% and lower. An inorganic fraction 
exceeding 70% is rather at the high side of what is generally encountered for average 
sludge, especially communal wastewater treatment sludge (10 to 40% inorganic 
fractions; Wilén et al., 2003; Gray, 2004). However, (comparable) inorganic fractions of 
75 to 85% have also been encountered elsewhere as reported by Kjellerup et al. (2001) 
corresponding with a very low SVI of 4 to 8 mL/g. Other researchers have demonstrated 
the substantial effect of CaCO3 precipitates on the sludge inorganic fraction. Fernández-
Nava et al. (2008) found in their study on the denitrification of wastewater containing 
high nitrate and calcium concentrations that the sludge inorganic fraction rised from 40 
to 80% upon increasing the Ca++ concentration in the water from 50 to 550 mg/L due to 
the formation of CaCO3 precipitates. Noteworthy are also the studies of Yu et al. (2001) 
and Liu and Sun (2011) on the role of calcium in the sludge granulation process: the 
sludge inorganic fraction varied in these lab studies respectively between 30 and 70%, 
and between 10 and 65%, solely due to varying CaCO3 contents in the sludge granules. 
The highest sludge inorganic fraction of 95% as a result of CaCO3 precipitation is found 
in a study of an upflow anaerobic sludge blanket (UASB) reactor (van Langerak et al., 
2000).  
The effect of the exchangeable DCBT-Ca fraction on the SVI is superimposed to the 
effect that Ca-solids have on the sludge settleability, as depicted in Figure 4-11. 
Otherwise said, the increasing Ca-solids fraction can lower the SVI from a mean of 90 
mL/g (at 15% inorganic fraction) to a mean of 20 mL/g (at 70% inorganic fraction and 
higher). As for the variation of the SVI at a certain inorganic fraction, the difference in 
the minimum and maximum SVI (i.e., the range in SVI) is mainly attributed to the 
DCBT mechanism. A range of 40 mL/g is observed for sludge comprised of less than 
50% inorganics, whereas this range is smaller at a level of 30 mL/g for sludge with an 
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inorganic fraction exceeding 50%. In the extreme case of an inorganic fraction beyond 
70%, even up to 91%, the variation observed at the lowest attainable SVI of 20 mL/g 
(i.e., a standard deviation of 4 mL/g; Figure 4-12) is solely attributed to the variation 
induced by the measurement of the SVI (i.e., the observed short term standard deviation 
like, e.g., in Figure 4-13). The floc disintegration due to the DCBT mechanism does not 
have an effect anymore on the SVI of the very heavy sludge flocs. 
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Figure 4-13: Evolution of C
a
++and N
a
+ concentration, and m
ono-to-divalent cation ratio (M
+/D
++) in the w
astew
ater (upper graphs), 
and sludge volum
e index (SV
I) and sludge inorganic fraction (low
er graphs); in a period of a low
 sludge inorganic fraction (left 
side; indicated w
ith num
ber 3 in Figure 4-1) and high inorganic fraction (right side; indicated w
ith num
ber 5 and 6 in Figure 4-1). 
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4.5 Conclusion 
From the 3-year study of the cation concentrations in the wastewater, it is inferred that 
the Ca++ ions in the wastewater have a tremendous influence on the sludge floc 
formation, in accordance with the literature. Two mechanisms are identified by which 
the Ca++ in the water plays a central role in the bioflocculation process: (i) the ion 
exchanging mechanism (DCBT), whereby monovalent cations like Na+ on the 
negatively charged flocs are displaced by the divalent Ca++ ions, this way bridging and, 
hence, stabilizing the sludge flocs; and (ii) the precipitation of very low soluble CaCO3 
solids from the water, being enmeshed (incorporated) in the floc structure. The latter is 
also influenced by the presence of the other (no common) ions in solution, with a lower 
conductivity (caused by a lower concentration of the no common ions) yielding more 
precipitation of these heavy Ca-solids. 
Both Ca++ pools in the flocs are quantified, i.e., the exchangeable Ca++ fraction bridging 
between the flocs and the precipitated Ca++ salts enmeshed within the flocs. Based on 
the cation analysis of the sludge ashes over one year, the following can be inferred: (i) 
the exchangeable Ca++ fraction is about 0.7 meq/g MLVSS; and (ii) the total amount of 
Ca++ on the flocs amounts to more than 40 meq/g MLVSS at a 70% inorganic fraction. 
Additionally, three separate confirmation tests, whereby both Ca++ fractions were 
removed from the flocs or only the precipitated Ca++ fraction was removed, resulted in 
an exchangeable Ca++ fraction of 0.5, 0.5 and 1.0 meq/g MLVSS. In conclusion, the 
bridging Ca++ fraction (i.e., the DCBT-Ca) is inferred to be 0.7 (± 0.1) meq/g MLVVS. 
The variation of the sludge settling (expressed as SVI) is interpreted in terms of both 
Ca++ pools in the floc structure. The changing amounts of enmeshed Ca++ solids in the 
floc cause a variation in the SVI from 90 mL/g to 20 mL/g on average at respectively 
15% and 70% sludge inorganic fractions. In addition, the variation on the average SVI 
at every inorganic fraction (i.e., a range in SVI of 30-40 mL/g) is mainly attributed to 
the exchangeable Ca++ fraction. When Ca++ is depleted from the wastewater, the SVI 
increases over time as a result of the floc disintegration, whereby the maximum 
attainable SVI depends on the amount of precipitated Ca++ solids in the disintegrated 
flocs. In the extreme case of more than 70% inorganic fraction, the sludge settling 
remains unaffected in the case of a Ca++ depletion, until finally the inorganic fraction is 
reduced to below 70% after wasting the sludge with the high inorganic fraction. 
In conclusion, both exchangeable Ca++ and precipitated Ca++ solids fractions do play an 
important role in the settling properties of this WWTP, with an increasing importance of 
the exchangeable fraction at lower inorganic fractions to keep the SVI below 90 mL/g 
from where on sludge solids losses can arise from the clarifiers. 
A schematic representation of the changing sludge floc structure as a result of the 
changing cation concentrations in the wastewater is depicted in Figure 4-14.  
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Chapter 5a  
 
Effect of the sludge composition and clay skeleton 
builder on the sludge centrifugal dewatering 
 
In this chapter, a first monitoring tool to unveil a part of the black box characteristics of 
the Centridry® is introduced. More specifically, a centrifugal compaction (spin tube) test 
is presented to simulate in the lab the mechanical dewatering of the sludge in the 
decanter centrifuge. Firstly, based on the theory of centrifugal compaction, the solids 
stress of separate layers of sludge cake (obtained after spinning sludge in a lab 
centrifuge) is calculated in Section 5.1. A repeatability and reproducibility study is 
conducted to investigate the consistency of the results obtained. Also the real 
compaction stress applied in the decanter centrifuge is estimated to compare with the 
one applied at lab scale. In Section 5.2, the effect of the sludge inorganic fraction and 
the clay skeleton builder on the sludge dewatering is discussed. In the next related 
Chapter 5b, the effect of sludge conditioners is separately discussed. 
The here presented work is published as: 
 Peeters, B., Dewil, R., Van Impe, J.F., Vernimmen, L., Meeusen, W., Smets 
I.Y. (2011). Polyelectrolyte flocculation of waste activated sludge in decanter 
centrifuge applications: lab evaluation by a centrifugal compaction test, 
Environmental Engineering Science 28, 765-773.  
 Peeters, B., Dewil, R., Van Impe, J., Vernimmen, L., Meeusen, W., Smets I. 
(2010). Polyelectrolyte flocculation of waste activated sludge in decanter 
centrifuge applications: lab evaluation by a centrifugal compaction test. In: R. 
Dewil, L. Appels, A. Hulsmans (Eds.) Proceedings of the 6th European 
Meeting on Chemical Industry and Environment (EMChIE 2010), Mechelen, 
Belgium (May 17-19, 2010), pp. 307-316. 
 Peeters, B., Vernimmen, L., Meeusen, W. (2009). Lab protocol for a spin tube 
test, simulating centrifugal compaction of activated sludge, Filtration 9, 205-
217. 
 Peeters, B., Vernimmen, L., Meeusen, W. (2009). Lab protocol and gage r&R 
of a spin tube test, simulating centrifugal dewatering of activated sludge by 
compaction. In: Proceedings 22nd annual conference of the AFS Society, 
Minneapolis, MN, USA (May 4-7, 2009).  
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5.1 Centrifugal compaction test 
The centrifugal compaction test protocol and its mathematical quantification that will be 
presented in the forthcoming paragraphs, is a variant of similar existing protocols (or 
quantifications) to calculate the compaction stress. Reference is made, for instance, to 
the handbooks Industrial Centrifugation Technology (Leung, 1998a) and Solid/Liquid 
Separation: Scale-up of Industrial Equipment (Wakeman and Tarleton, 2005), and to 
the work of Curvers et al. (2009a). The underlying simplifying assumption of neglecting 
the dynamics of the process in this test protocol, will be further discussed in Paragraph 
5.1.4. 
 
5.1.1 Lab protocol and calculation of solids stress  
 
Spin tubes were filled with 50 gram of conditioned and pre-thickened solids (as 
discussed in Section 3.3) with a dryness typically ranging from 10 to 15% DS (right 
sight of Figure 5-1). Next, the solids were exposed to centrifugal forces (horizontal 
head) for a long time (45 min) in a lab centrifuge (4400 rpm; radius of rotation R being 
135 mm at the bottom of the tubes) after which the compacted cake had reached 
(quasi)equilibrium (see Paragraph 5.1.4) with all free water expressed from the cake. At 
that moment the spin tubes look like the tube at the left side of Figure 5-1. After this 
centrifugation step, the liquor above the cake surface was decanted and separate cake 
layers of approximately 5 gram were carefully removed for dryness analysis (DSi); the 
exact mass of the cake segments removed (wi) was recorded. Also the cake heights were 
recorded before (hi) and after (hi+1) the cake segments were removed from the spin tubes 
(Figure 5-2). With these data of the stratified cake, the compaction curves were obtained 
by plotting the (log10 of) cake dryness of the different segments versus the respective 
(log10 of) calculated compressive pressures acting on the centre of the segments, as will 
be explained below.  
 
 
Figure 5-1: Spin tube filled with activated sludge before 
(right) and after (left side) centrifugal compaction. 
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Centrifugal compaction  
 
In circular motion the centrifugal force Fc acting on a particle of mass m [kg], at a radial 
distance R [m] from the center of rotation, is given by 
 
)15(2  RmFc  
 
with ω the angular speed [s-1]. When submerged in water, the water buoyancy reduces 
the weight of the solid particle under centrifugal gravity and as a consequence the 
centrifugal force equals 
)25(2   RVF Sc   
 
where Vs is the particle volume [m³] and Δρ = (ρs-ρw) is the difference in density of the 
solid particle and water respectively [kg/m³].  
 
 
 
Figure 5-2: Spin tubes filled with compacted sludge. 
 
Figure 5-2 depicts schematically a spin tube filled with activated sludge. The sludge 
solids in a layer of thickness dR at a radial distance Ri from the axis of rotation exert a 
downward force that is given by: 
 
)35(2   iSc RdVdF   
 
where dVs is the solids volume in the sludge layer [m³], or 
 
)45(2  

i
S
Sc RdmdF  
 
with dms being the solids mass [kg] in the cake layer of thickness dR at radius Ri. At 
each depth of the sludge cake, the total solids stress experienced by the solids is 
determined by the cumulative solids stress generated by the sludge layers higher in the 
cake. The solids stress Ps, or compaction stress, at equilibrium exerted on the solids at 
radius Ri in Figure 5-2 is equal to the sum of the contributions from all the layers higher 
in the cake and is determined from  
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The symbol A represents the surface area of the layer, or, from the spin tube [m²].  
Formula (5-5) to calculate the compaction stress is found in the literature in a somewhat 
different, but, essentially, the same form. Reference is made, for instance, to the 
handbooks Industrial Centrifugation Technology (Leung, 1998a) and Solid/Liquid 
Separation: Scale-up of Industrial Equipment (Wakeman and Tarleton, 2005), and to 
the work of Curvers et al. (2009a). 
 
Approximate determination of solids stress 
 
Consider the right side of Figure 5-2 where the sludge cake is divided in different 
segments to determine approximately the solids stress exerted on the centre of every 
segment in the sludge cake by a summation. Starting from Equation (5-5), the solid 
stress exerted on the solids in the centre of segment i at radius Ri is approximately equal 
to the following summation: 
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Finally, based on the parameters as shown on the right side of Figure 5-2, the solids 
stress (in kPa) executed at equilibrium on a segment i is found with following formula 
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where N is the rotational speed [rpm], wi is the mass of cake layer i [kg] and %DSi is 
the cake dryness of layer i (%), R is the distance from the bottom of the tube to the axis 
of rotation [0.135 m], hi is the height of the segments relative to the bottom of the spin 
tube (see Figure 5-2) and Dtube is the internal diameter of the spin tube (0.028 m). 
 
Calculation of the solids density ρS 
 
The conditioned sludge solids in the Centridry® feed are composed of different 
components, i.e., (i) a sludge organic fraction; (ii) a sludge inorganic fraction and (iii) a 
clay fraction. The sludge inorganic fraction is mainly composed of CaCO3 solids at the 
higher sludge inorganic fractions, while there is also (and always) a certain inorganic 
fraction that can be attributed to the activated sludge microorganisms themselves. 
Sludge without CaCO3 solids incorporated in the floc structure (that is, at the left side of 
Figure 4-8) has an inorganic fraction of approximately 13% and a volatile fraction 
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fraction of 87% (shown as well in Table 4-3). The biosludge fraction of the MLSS is 
found by dividing the volatile fraction by a factor 0.87. In the case, e.g., of an 80% 
sludge volatile fraction, the biosludge fraction equals 80%/0.87 (or: 1.15*80%) = 92%, 
with the remaining 8% of the MLSS being CaCO3 solids. The latter is also found by 
correcting the analyzed inorganic fraction of the MLSS for the inorganics coming from 
the microorganisms themselves: 20% - 80%*(0.13/0.87) (or: 20% - 0.15*80%) = 8% 
CaCO3.  
The specific gravity of the sludge solids Ss [/] (the ratio of the solids density ρS to the 
density of water ρw) is calculated based on the weight fractions fi [/] with their own 
specific gravity Si [/] (Sanin et al., 2011): 
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More specifically, when a clay ratio is applied of c kg clay per 1 kg MLSS we find the 
specific gravity Ss of the solids as: 
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with Sclay = 2.0 (supplier data), Sbiosludge = 1.05 (Schuler and Jang, 2007; Jones and 
Schuler, 2010) and SCaCO3 = 2.6 (Piirtola et al., 1999a).  
 
The solids density ρS equals then 
 
)105(1 

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L
kgSS SwSS 
 
 
Illustration  
 
To further illustrate the formulas used to calculate the compaction curve, consider the 
analysis data of a centrifugal compaction test at the left side of Table 5-1. The data were 
gathered for sludge that was conditioned with 0.15 kg clay per 1 kg MLSS, with the 
sludge characterized by a sludge volatile fraction of 76% (sludge inorganic fraction of 
24%). 
 
 
Table 5-1: Results of a centrifugal compaction test. 
 
  
mi, solids in Ri, radius at centre 
cake segment (kg) of cake segment (m)
segment 1 3,8 15,0 4,4 3,9 0,00057 0,094 1,5
segment 2 5,0 18,0 3,9 3,2 0,00090 0,100 5,6
segment 3 5,0 20,5 3,2 2,4 0,00103 0,107 11,4
segment 4 5,1 21,6 2,4 1,6 0,00110 0,115 18,1
segment 5 4,7 21,4 1,6 0,5 0,00101 0,125 25,3
calculation solids stress P slab analysis (N=4400 rpm)
cake segment wi (g) %DSi height h i (cm) height h i+1 (cm) Ps (kPa)
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Application of Equations (5-9) and (5-10) yields the solids density ρS: 
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The solids stress exerted, e.g., on the centre of segment 3 is calculated using equation 
(5-7):  
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where, for example, the radius R3 was calculated as 
 
 mR 107.0
2
024.0032.0135.03 

 
 
These data for segment 3, as well as for the other segments of the cake, are summarized 
at the right side of Table 5-2. 
 
5.1.2 Gage r&R 
 
The centrifugal compaction protocol was introduced at the Monsanto Antwerp WWTP 
as a brand new test after studying the handbook Industrial Centrifugation Technology 
(Leung, 1998a) wherein the spin tube test is described and compaction theory explained. 
However, before the spin tube test was applied on a regular basis as a standard test, first 
a formal gage r&R (repeatability and reproducibility) study was conducted to 
investigate whether the test would deliver repeatable and reproducible results. 
 
Set up 
 
Two analysts (referred to as analyst A and B) were selected to participate in the study. 
Two sludge samples were each measured four times by the two analysts, each time 
starting from the initial raw sludge. One sludge sample was just taken at the centrifuge 
feed pump in the field. The second sample was artificially composed to obtain a sludge 
sample from which it was expected (based on former experience with CST 
measurements) to show a worse dewatering performance compared to the first sample 
from the field. This second sample was made of equal volumes of sludge coming from 
the plant’s DAF unit and regular excess sludge from the biodegradation basin.  
At the moment of the introduction of the spin tube test (and the formal gage r&R) the 
real spread of the process was unknown. The real process standard deviation was used 
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afterwards to calculate the “% process”, that is the percentage of the observed process 
variation contributed by the measurement system. 
 
Results and discussion 
The different behavior of both samples is already clearly illustrated by the dryness of 
the pre-treated sludge samples after decantation (cfr. stage 3 in Figure 3-1). From the 
data depicted in Table 5-2, it can be discerned that it was ‘easy’ to decant the remaining 
liquid phase of sample 1 yielding a sludge dryness of 9.5% on average, whereas from 
sample 2 it was rather ‘difficult’ to remove the remaining liquid phase, yielding an 
(exceptionally) low sludge dryness of 3.0% on average. As a result, the amount of solids 
effectively put into the spin tubes was significantly lower for sample 2, on his turn 
reducing the maximum achieved compaction stress compared to sample 1. It must be 
mentioned that a variation in the dryness of the prethickened sludge, and, hence, a 
variation in the absolute amount of solids put in the spin tubes, does not influence final 
results as such because the cake dryness is a unique function of the compaction stress as 
substantiated in Paragraph 5.1.3. But, on the other hand, a higher dryness for the pre-
thickened sludge used to fill the spin tubes implies that the cake dryness at higher 
compression stress can be evaluated. 
 
 
Table 5-2: Dryness of prethickened 
sludge (sludge used to fill the spin tubes). 
 
In Table 5-3, the lab results are summarized of this gage r&R study. The consolidated 
cake of sample 1 was dissected into 5 segments, whereas for sample 2 it was only 
possible to divide the cake in 2 segments. Reason here is, as aforementioned, the fact 
that the spin tubes were filled with a rather low solids amount in the case of sample 2 as 
a result of the low %DS of the pre-thickened sludge.  
 
The resulting compaction data are depicted in Figure 5-3, however, without drawing the 
individual compaction curves through the data points to keep the Figure 5-3 readable, 
that is, to keep the individual data points still visible. The different analyzed cake 
segments are observed as separate clusters of (eight) data points around the respective 
average compaction curve (in dotted lines) for each sludge sample. The small variation 
Analyst Sample 1 Sample 2
A 9.3 3.0
A 8.9 3.1
A 9.8 3.1
A 9.4 3.1
B 9.5 3.0
B 9.3 3.0
B 9.9 3.0
B 9.7 2.8
Average: 9.5 3.0
%DS of conditioned and pre‐
thickened sludge
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of the data points around the average compaction curves gives already a good visual 
perception of the repeatability and reproducibility of the spin tube test analysis.  
It is of interest to note that as the compaction stress is increased, there is only a low 
reduction in the cake moisture content after which the cake reaches an equilibrium 
moisture level, as exemplified by the compaction behavior of sample 1. During 
deliquoring of the activated sludge at low Ps, the cake dryness increases proportionally 
with increasing Ps. However, at higher Ps the resistance to further compaction and water 
expression increases significantly such that further increase of Ps does not (in the end) 
result anymore in an increase in cake dryness (Leung, 2005). This behavior is atypical 
with compactable biosolids (Leung, 1998a, 2000, 2005).  
 
 
Figure 5-3: Results of the gage r&R study: 2 analysts executed the compaction test 
4 times for 2 sludge samples yielding (2×2×4 =) 16 compaction curves (curves not 
drawn to keep the individual data points readable; average curves in dotted line). 
 
Because of the variation in the dryness of the conditioned and prethickened sludge (see 
Table 5-2), even for the same sample, the different spin tubes were (inevitably) not 
filled with exactly the same dry solids mass, although the different tubes were filled 
with 50 gram of sludge. This implies that the compaction stresses (and corresponding 
analyzed cake dryness) in the different segments of the spin tubes are different, as 
demonstrated by the ‘variation’ in the different clusters (segments) in Figure 5-3. 
Restated, we do not have the cake dryness directly available for the 16 compaction 
curves at exactly the same compaction stress. So, in order to analyze the variation in 
cake dryness at exactly the same compaction stress, the cake dryness at 6.3 kPa (on the 
X-axis equal to a value of 0.8) was used for all tubes, found by interpolation of the 
different compaction curves, using linear regression. For the compaction data of sample 
1, the first three segments were taken into account (not taking into account the data of 
segment 4 and 5 at the highest compaction pressures, where the curves flatten, reaching 
an equilibrium moisture level). 
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Table 5-4 shows the gage r&R results generated by the MINITAB® software. The 
sample-by-analyst interaction is not significant (p = 0.60; indicated with (i) in Table 5-
4) and as a result MINITAB® fits the model without the interaction. There is a 
significant part-to-part variation (p = 0.00; indicated with (ii)) which is exactly what is 
wanted. There is no significant analyst influence (p = 0.13; indicated with (iii)) which is 
the desired outcome. The % r&R is 12.4% (iv) which is certainly acceptable. The 
statistical analysis presented in Table 5-4 shows that the variation in the measurement 
system is being primarily due to the repeatability and not due to the reproducibility. The 
number of distinct categories is 11 (vi), representing an adequate measuring system 
(AIAG, 2010).   
Meanwhile, the centrifugal compaction has been used as a standard lab test during a 
period of 4 years, and the process standard deviation amounts to 3.2% DS at a 
compaction stress of 6.3 kPa (based on the compaction test results of 196 different 
sludge samples to which we will come back in Paragraph 5.2.2). The “%Process” equals 
only (0.3/3.2)×100 = 9% which reflects a very precise measurement system (0.3% DS is 
the standard deviation due to the measurement system, as indicated with (v) in Table 5-
4). 
 
 
Table 5-4: Gage r&R results for the cake dryness at 6.3 kPa (MINITAB® output). 
Two-Way ANOVA Table With Interaction 
 
Source            DF       SS       MS        F      P 
sample             1  46,2043  46,2043  2036,38  0,014 
analyst            1   0,1956   0,1956     8,62  0,209 
sample * analyst   1   0,0227   0,0227     0,29  0,602 
Repeatability     12   0,9492   0,0791 
Total             15  47,3718 
 
Two-Way ANOVA Table Without Interaction  
 
Source         DF       SS       MS        F      P 
sample          1  46,2043  46,2043  618,015  0,000 
analyst         1   0,1956   0,1956    2,617  0,130 
Repeatability  13   0,9719   0,0748 
Total          15  47,3718 
 
Gage r&R  
                            %Contribution 
Source             VarComp   (of VarComp) 
Total Gage R&R     0,08987           1,53 
  Repeatability    0,07476           1,28 
  Reproducibility  0,01511           0,26 
    analyst        0,01511           0,26 
Part-To-Part       5,76619          98,47 
Total Variation    5,85606         100,00 
 
                                Study Var  %Study Var 
Source             StdDev (SD)   (6 * SD)       (%SV) 
Total Gage R&R         0,29978     1,7987       12,39 
  Repeatability        0,27343     1,6406       11,30 
  Reproducibility      0,12291     0,7375        5,08 
    analyst            0,12291     0,7375        5,08 
Part-To-Part           2,40129    14,4077       99,23 
Total Variation        2,41993    14,5196      100,00 
 
Number of Distinct Categories = 11 
 
(i)
(ii)
(iii)
(iv)
(vi)
(v)
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After the execution of the formal gage r&R, demonstrating a precise measurement 
system, the spin tube test has been used on a regular basis as a standard lab test to 
evaluate sludge cake compaction (Peeters et al., 2009a, 2011b). Besides, right after the 
gage r&R, as a first logical next step, experiments were performed to gain more insight 
in the factors affecting the compaction stress, this way getting more familiar with the 
compaction mechanism in general. Therefore, in Paragraph 5.1.3 a series of laboratory 
compaction tests were conducted to demonstrate that the cake dryness is a unique 
function of the compaction stress, at least, for one sludge composition and for a constant 
centrifugation time. Next, in Paragraph 5.1.4, the effect of the centrifugation time was 
separately investigated. The effect of the sludge composition will be discussed 
thoroughly in the Sections 5.2 to 5.5. 
Throughout all further tests, the positive results from the gage r&R study are confirmed, 
that is, showing consistent results. 
 
5.1.3 Cake dryness, unique function of compaction stress (for 
constant sludge composition and constant centrifugation time) 
 
Tests were carried out with two sludge amounts to fill the spin tubes with prethickened 
sludge (30 and 50 g) and two rotational speeds (3600 and 4400 rpm) to generate a wider 
range of solids compaction stresses. Every test combination for cake thickness and G-
force was executed twice. 
 
Results and discussion 
 
The curves at the left side of Figure 5-4 represent the measured dryness profiles 
obtained from the thick (50 g) and thin (30 g) cakes, with the data of the upper graph 
obtained at 3600 rpm and those of the lower graph at 4400 rpm. It must be mentioned 
that the dryness profiles visually yield very consistent results confirming former gage 
r&R results.  
C
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Figure 5-4: Testing w
ith tw
o different solids am
ounts (30 and 50 g) and tw
o rotational speeds (3600 and 4400 
rpm
). D
ryness profiles in com
pacted cake are show
n (left) and the resulting com
paction curves (right).
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As can be noticed from the graphs at the left side of Figure 5-4, the thin and thick cake, 
at the same rotational speed and radial location, do not yield the same cake dryness. For 
example, at 3600 rpm and at the same distance of 2 cm above the bottom of the spin 
tube, the cake has a dryness of approximately 21% in the tubes filled with 50 g of pre-
thickened sludge, whereas a lower dryness of about 19% is reached in the tubes filled 
with 30 g. The cake dryness increases at 4400 rpm, still at the same distance of 2 cm 
above the bottom of the tube, to about 23% and 20% respectively in the tubes filled with 
50 and 30 g of sludge. However, a plot of the cake dryness versus the compaction stress 
in Figure 5-5 (up to 20 kPa, beyond which the curves flatten) reveals that the data for 
the 4 different combinations (solids amount × speed of rotation) are in accordance with 
each other for identical compaction stresses. A linear regression analysis using 
indicator variables for the 4 different combinations shows that the constant (vertical 
distance) between the regressions is not significant (p-value of at least 0.08 using the 
combination [50g × 4400rpm] as the reference) (Minitab, 2003; Stanwick, 2004). This 
observation supports the fact that the cake dryness, for a certain sludge composition, is a 
unique function of the compaction stress PS and the dewatering time (Wakeman and 
Tarleton, 2005; Leung, 1998a), the latter kept constant at 45 minutes. The compaction 
curves are also shown separately for the two rotational speeds at the right side of Figure 
5-4.  
 
 
Figure 5-5: Compaction curves for 4 different test combinations: two solids 
amounts used to fill the spin tubes (30 and 50 g) and two applied rotational 
speeds (3600 and 4400 rpm). Each test combination was replicated. 
 
5.1.4 Cake dryness as a function of centrifugation time 
 
6 spin tubes were centrifuged applying the standard 4400 rpm, though with varying 
centrifugation times of 1, 2, 5, 10, 22.5 and 45 minutes after which the compacted cake 
was dissected in segments for analysis.   
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Results and discussion 
 
The obtained compaction curves, shown in the upper graph of Figure 5-6, are shifted 
consistently upwards with longer centrifugation times, that is, at the same compaction 
stress a higher cake dryness is obtained with longer compaction times. The cake dryness 
at a solids compaction stress of 20 kPa as function of the centrifugation time is depicted 
in the lower graph of Figure 5-6. If the cake resides in the spin tube (as well as in the 
decanter centrifuge in the field) for a shorter period of time before all moisture gets 
squeezed out of the cake under the compaction stress, the cake solids dryness is lower 
than what it would have been if obtained under equilibrium. After 1 minute of 
centrifugation, the cake dryness was 19.8% DS. The cake dryness then increased 
initially with a steep slope during the first 10 minutes, at that moment reaching 21.5% 
DS, after which the effect of the centrifugation time clearly diminished, the compaction 
and expression reaching quasi equilibrium after 45 minutes with a dryness of 24.4% DS. 
A further centrifugation time increase would have only minor impact on the deliquoring 
process. Based on a curve fitting, the maximum dryness of 24.5% DS would have been 
reached after 53 minutes. 
The results illustrate the dynamics of the sludge centrifugal dewatering. When sludge 
solids closer to the bottom get more compressed over time, simultaneously, these solids 
end up at a larger distance from the center of rotation. As a consequence, the rotational 
radius for the sludge particles higher positioned in the spin tube gets larger, and the 
force they exert on the lower particles increases as well, which in turn compresses the 
lower sludge layer further again, and so on (Curvers et al., 2009a). The water that is 
squeezed out of the different cake layers has to overcome relatively high friction losses 
when moving through the narrow channels on its way to the cake layer surface 
(Toorman, 1996). As long as the centrifugal compaction is not in equilibrium, excess 
pore water pressure is created (that is, the interstitial pore water is pressurized) by the 
collapse of the cake, expelling the pore water. The consolidation of the cake continues 
as long as there are excess pressure gradients which are the driving force for squeezing 
the water from the cake (Toorman, 1996). This dynamic process continues until 
equilibrium is reached for any height in the compacted sludge (Curvers et al., 2009a), 
and, at that moment, the excess pore pressures are dissipated (Toorman, 1996). A more 
sophisticated means to study the dynamic behavior of sludge consolidation, is to use a 
Lumifuge (Wakeman and Tarleton, 2005; Curvers et al., 2009a, 2009b). In this lab 
centrifuge, based on the light transmission throughout the sample tube during rotation, 
the boundary between supernatant (centrate) and consolidating cake can be traced. 
Similarly, Chu and Lee (2002, 2003) used a stroboscope emitting light synchronized 
with a rotating transparent spin tube to ‘freeze’ the images of centrifuging activated 
sludge, in order to demonstrate the dynamics of the slurry-liquid interface during 
centrifugal compaction. Given the unavailability of this type of equipment, the 
dynamics of the dewatering process were not studied in this work. 
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Figure 5-6: Compaction curves obtained after 1, 2, 5, 22.5 and 
45 minutes of centrifugation (upper graph), and the effect of 
centrifugation time on cake dryness at 20 kPa (lower graph). 
 
5.1.5 Simulation for dewatering taking place in the decanter 
centrifuge  
 
This paragraph is aimed at quantifying the real compaction stress applied on the sludge 
cake in the decanter centrifuge at full scale, to compare with the compaction stress 
generated in the lab spin tube experiments. To estimate the compaction stress in the 
field, we need to have an idea of the total solids amount in the decanter, and therefore, 
an estimation of the solids velocity through the decanter centrifuge. 
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Estimation of the solids velocity through the decanter during start-up conditions 
 
During start-up of the system we are able to determine the time needed to fill up the 
decanter centrifuge, as an indication of the real effective solids residence time and, 
hence, solids velocity for these start-up conditions. By comparing this practical (in the 
field determined) solids velocity with the theoretically calculated solids velocity (only 
taking in account axial transport) for the same start-up conditions, we get an idea of the 
extension of the solids residence time as a result of additional circumferential 
movement of the sludge cake due to its complicated cork-screw motion through the 
centrifuge, as explained in Paragraph 1.3.1. 
 
Below, the solids velocity will be calculated in two ways for start-up conditions. Firstly, 
we calculate theoretically the solids velocity in case there would be only axial transport, 
not taking into account a circumferential movement of the sludge solids. The 
(theoretical) assumption here is that the solids move solely in axial direction, that is, 
perpendicularly to the flight face of the screw conveyor. Secondly, the effective solids 
velocity is calculated based on the time during start-up to fill up the decanter, indicating 
the real effective solids residence time in the centrifuge during start-up.  
 
In case of a solids throughput (MS) of 100 kg/h, a differential speed (∆n) of 1.0 rpm and 
taking into account a conveyor pitch (P) of 16 cm and an axial solids transport distance 
(LC) of 125 cm (that is, the distance between sludge entrance in the centrifuge bowl and 
the end of the beach), we find following characteristics (Peeters and Weis, 2004). 
The axial speed of the solids through the centrifuge (Vsolids): 
 
   
  s
cm
inms
inmcmnPV upstartltheoreticaupstartsolids 27.0/60
/10.116
60,,
   
 
With this solids velocity, theoretical solids residence time in the decanter centrifuge (τ) 
amounts to: 
inms
scm
cm
V
L
ltheoreticaupstartsolids
C
ltheoreticaupstartsolids 7.7or463)/(27.0
)(125
,,
,, 

  
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Figure 5-7: Time trends during start-up of the Centridry®. It takes approx. 17 min. after 
start feeding the sludge to the decanter before temperature in the dryer decreases. 
 
Figure 5-7 shows time trends over one hour of on-line measurements in the Centridry® 
system during start-up. It can be discerned that it takes 17 minutes before a decrease of 
the temperature is observed in the flash dryer, right after the centrifuge (in pink), as 
indication for the first sludge cake thrown out by the decanter, after applying an initial 
sludge feed of 5 m³/h (100 kg/h). During start-up, the differential speed (in red) remains 
1 rpm until the threshold of the hydraulic pressure is reached where the hybrid torque- 
differential speed control starts increasing the differential speed in response to the 
torque (see Figure 1-4). The 17 min as effective solids residence time allows to estimate 
the real effective solids velocity: 
scm
nmisinm
cmLV
practicalupstartsolids
C
practicalupstartsolids /12.0)/60()(17
)(125
,,
,,   
 
 
This reveals that the real effective solids velocity through the decanter (0.12 cm/s) is 
only 44% of the theoretically calculated solids velocity (0.27 cm/s), the difference being 
explained by the additional circumferential movement of the sludge flocs due to the 
helical motion of the cake during its conveyance in the decanter. 
 
Estimation of compaction stress in decanter for stabilized start-up conditions   
 
As a result of sludge cake building up in the decanter during start-up, the compaction 
stress exerted on the sludge increases during this start-up. Once the torque exceeds its 
threshold, the hybrid torque-differential control increases the differential speed, as 
clearly demonstrated in Figure 5-7 (in red). The differential speed increases from 1 rpm 
as baseline to approximately 1.2 rpm for this 100 kg/h applied during start-up, this way 
responding to the higher torque. At this more or less stabilized condition we estimate 
the solids velocity (applying the correction factor of 0.44 to account for circumferential 
17 min
Differential speed
Start feeding sludge
to Centridry®
Temperature after centrifuge
180°C
170°C
1 rpm 1.2 rpm
5 m³/h
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movement of the cake), the solids residence time and solids amount (m) inside the 
decanter. 
 
   
  s
cm
inms
inmcmVsolids 14.044.0/60
/12.116        
 
inms
scm
cm
V
L
solids
C
solids 9.14or892)/(14.0
)(125   
 
  kginm
inm
kgMm solidsS 8.249.1460
100 


   
 
The solids are distributed over the internal surface of the decanter bowl, existing of a 
cylindrical part (again considered from the point where the feed enters the bowl till the 
beginning of the conical section) and the conical section. This bowl surface is 
approximately 1.80 m². 
Finally, an estimate is found for the average compaction stress applied to the sludge 
(assumed here to have a typical solids density of 1.2 kg/L) in the body of the bowl, 
against the bowl wall (i.e, at a centrifugal radius of 0.25 m) and a bowl speed of 2500 
rpm: 
   
kPaP bodybowl 9.40100080.1
25.08.24
60
25002
2.1
11
2



 

 


 
 
This means a value of 1.6 (= log10 [40.9]) for the X-axis at the compaction curves.  
 
Estimation of compaction stress in decanter for stabilized high capacity conditions   
 
The designed capacity is a solids throughput of 200 kg/h. The applied differential speed 
is then typically 2.3 rpm. The working conditions inside the decanter centrifuge are 
specified as follows: 
 
   
  s
cm
nmis
inmcmVsolids 27.044.0/60
/13.216        
 
inms
scm
cm
V
L
solids
C
solids 7.7or463)/(27.0
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  kginm
inm
kgMm solidsS 7.257.760
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

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   
kPaP bodybowl 4.42100080.1
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The values of the solids velocity and solids residence time conform with typical values 
for high-solids decanters, respectively being 0.4 cm/s and 2-20 min (Leung, 1998a).  
Besides, to further get an idea of this solids amount, the 25.7 kg of solids corresponds 
roughly speaking with a volume of cake inside the centrifuge of 130 L (assuming an 
average cake dryness of 20% DS). This implies that the available space in between the 
bowl wall and the conveyor hub (see Figure 1-3) is filled for a major part with sludge 
cake in the cylindrical part (considering from the point where the feed enters the bowl) 
and conical part, which is estimated at ± 140 L. For high-solids decanter applications it 
is indeed known that almost the entire machine is filled up with very thick cake solids 
(Retter and Schilp, 1994; Leung, 1998a; Records and Sutherland, 2001), with the 
machine almost clogging (Langeloh and Bott, 1996). 
 
Finally, it should be mentioned that, before the bowl speed of the decanter centrifuge 
was set at 2500 rpm to reduce centrifuge vibrations (discussed in Section 7.1), the bowl 
speed was standardly 3165 rpm. This implied an estimated 68 kPa for the compaction 
stress in the body of the bowl for the same solids throughput and differential speed.  
Compaction stresses calculated above are in conformity with typical compaction 
stresses acting on the solid matrix in a sludge cake being of the order of about 50 to100 
kPa (0.5 bar to 1 bar) in a high-solids decanter centrifuge (Leung, 2000). The total 
pressure due to the mass of both water and solids under the centrifugal field G is, 
however, actually much greater. The centrifugal hydrostatic pressure, ρLGh, transmitted 
along the continuous liquid phase in the sludge cake is 20 to 25 times the solids 
compaction stress (Leung, 2000). 
 
Compaction stress in lab spin tube compared to (estimation of) stress applied in 
the field 
 
In conclusion, the estimated compaction stress in the decanter reveals that the 
compaction stress generated in the lab spin tube test is of the same order of magnitude 
as applied in the decanter centrifuge, and as such, indicates that the spin tube test is a 
good simulation of reality. Furthermore, the compatibility between this bench scale test 
and the full scale (Centridry®) conditions will be further discussed in Paragraph 5.3.2 
concerning the effect of the sludge polyelectrolyte conditioning on the centrifugal 
dewatering.  
Notwithstanding, there are some inevitable shortcomings in the spin tube test, as 
discussed in the Industrial Centrifugation Technology handbook (Leung, 1998a), that is: 
(i) in reality, after compaction and expression of the solids in the liquid pool in the 
cylindrical part of the centrifuge, cake solids discharge above the pool at the conical 
beach, while in the lab cake is formed solely beneath the pool; (ii) in the spin tube test 
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the shear stress exerted on the cake due to the churning motion of the Archimedian 
screw conveyor (KHD Humboldt, 1995, 1999) is absent; (iii) in reality, dewatering 
takes place in a finite residence time in the decanter (in a range of magnitude of 10 min) 
as shown above in the calculations, whereas the compaction curves in the lab are 
obtained for tests corresponding to almost the equilibrium solids dryness after the cake 
is subjected to compaction stress for a long period of time (45 min); and (iv) in the spin 
tube there are side-wall effects which in reality are absent in cylindrically configured 
bowls. 
The additional force applied to the cake by the Archimedian screw conveyor, during 
compaction of the cake by the centrifugal force, will be relatively small. There are no 
data available about this, because it is only possible to measure the total conveying 
force by measuring the torque of the screw (Weis, 2011). It is assumed that, in relation 
to the force by the generated pressure inside the cake by the centrifugal force, the two 
other main forces by (i) friction between the bottom of the conveyed cake and the cake 
heel on the bowl wall, and (ii) friction between the backside of the cake and the front of 
the conveyor blades, can be neglected (Weis, 2011). Corner-Walker and Records (2000) 
show the conveying torque to be proportional to the yield stress of the cake at the (by 
centrifugal compaction) obtained cake dryness. The yield stress is the minimal stress 
needed for the cake to start flowing at a very low shear rate (see Figure 2-5), as is the 
case within the high-solids decanter centrifuge where the differential speed is only in 
the range of 1 to 3.5 rpm (see Figure 1-4). The force developed by the Archimedian 
screw conveyor is the inherent result (and not the cause) of the cake dryness, obtained 
by the centrifugal force. This is well illustrated in Paragraph 7.2.3., where the torque is 
clearly demonstrated to be the result of the cake dryness and consistency. 
  
5.2 Effect of sludge inorganic fraction and clay skeleton 
builder 
At the end of 2007, a lab DOE was executed to study the effect of the clay and polymer 
conditioning on the sludge cake dryness after centrifugal dewatering, in the case of 
sludge comprised of 28% and 53% inorganic fraction (Paragraph 5.2.1). In the 
subsequent years from 2007 to 2011, the centrifugal compaction test was frequently 
executed on sludge samples taken from the Centridry® feed in the field to further map 
the effect of the sludge inorganic fraction at different levels of the clay dosing. Because 
the range of inorganic fractions covers a wider range, from 25% to 87%, the impact of 
the sludge inorganic fraction was studied then at its full extent, as discussed in 
Paragraph 5.2.2.  
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5.2.1 Design of experiments (28% and 53% inorganic fraction) 
Set up 
A lab DOE was executed during three days (one design a day) to study the effect of 
three factors on the sludge centrifugal dewaterability, that is, the sludge inorganic 
fraction, the clay and polymer dosing. In Table 5-5 the conditions of the different tests 
are summarized. Each day of the experimental design, the effect of the clay and polymer 
dosing was tested at a low and high level (respectively 0 and 30 kg clay/h; and 35 and 
75 L polymer/m³ of a 0.66 wt% active substance (a.s.) polymer solution). The 
corresponding ratios of clay and polymer to the sludge solids were respectively 0 and 
0.3 kg clay/kg MLSS, and 16 and 32 kg a.s. /ton MLSS (or equivalent, per ton DS). The 
trials executed on day 2 were a replicate of the trials on day 1. Additionally, four center 
points (15 kg clay/h and 55 L polymer/m³) were included for each design. The sludge of 
day 1 and 2, at the end of October 2007, was characterized by an inorganic fraction of 
28%, whereas the inorganic fraction at day 3, in the middle of December 2007, was 
significantly higher at 53% (see Figure 4-1). 
  
Table 5-5: Experimental set-up (DOE) to verify the effect of low and high (i) clay dosing (0 and 
30 kg/h) and (ii) polymer dosing (35 and 75 L/m³) at two levels of the sludge inorganic fraction 
(28.6% and 53.3%). The design at the 28.6% inorganic fraction was replicated; 4 center points 
were included per design.  
 
Results and discussion 
 
The 24 compaction curves of the DOE are presented in Figure 5-8, with the data 
obtained on day 1 and 2 (replicate) shown with the same symbol to keep the figure 
readable. Next, the cake dryness derived from these compaction curves at a compaction 
stress of 20 kPa is depicted in Figure 5-9 as a function of the clay and polymer dosing 
for the two sludge inorganic fractions, and the ANOVA table for the cake dryness is 
summarized in Table 5-6.  
sludge
inorganic fraction (%) clay (kg/h) polymer (L/m³) (0,66 wt% a.s.) sludge (L) clay (g) polymer (mL) (0,22 wt% a.s.)
0 35 0,8 0 92 low level clay/low level polymer
30 35 0,8 4 92 high level clay/low level polymer
0 75 0,8 0 200 low level clay/high level polymer
30 75 0,8 4 200 high level clay/high level polymer
15 55 0,8 2 145 center point
15 55 0,8 2 145 center point
15 55 0,8 2 145 center point
15 55 0,8 2 145 center point
0 35 0,8 0 92 low level clay/low level polymer
30 35 0,8 4 92 high level clay/low level polymer
0 75 0,8 0 200 low level clay/high level polymer
30 75 0,8 4 200 high level clay/high level polymer
15 55 0,8 2 145 center point
15 55 0,8 2 145 center point
15 55 0,8 2 145 center point
15 55 0,8 2 145 center point
0 35 0,8 0 92 low level clay/low level polymer
30 35 0,8 4 92 high level clay/low level polymer
0 75 0,8 0 200 low level clay/high level polymer
30 75 0,8 4 200 high level clay/high level polymer
15 55 0,8 2 145 center point
15 55 0,8 2 145 center point
15 55 0,8 2 145 center point
15 55 0,8 2 145 center point
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There is no curvature in the cake dryness response to the clay and polymer dosing 
(center point p-value equal to 0.48, and, hence, left out the subsequent ANOVA 
analysis). The dependency of the cake dryness is expressed by following equation 
(visualized in Figure 5-9): 
 
Cake %DS (at 20 kPa) = 15.0 + 0.1 × clay (kg/h) + 0.01 × polymer (L/m³)  
                                        + 0.066 × Inorganic fraction (R² = 0.97; N = 24) (5-9) 
 
There is no interacting effect of the three independent variables (p-values of at least 
0.29), whereas the main effects are significant (p = 0.00). Notwithstanding the statistical 
significant effect of the polymer dosing, in practice, it should be regarded as non-
significant in terms of its very minor contribution (only 2%) to explain the total 
variation in the cake dryness. Unlike the negligible influence of the polymer, at least in 
the ranges tested here, the clay and the sludge inorganic fraction explain, respectively, 
63% and 32% of the variation in cake dryness, resulting in a total explained variation of 
97%. It must be mentioned that for a polymer dosing below 16-17 kg a.s./ton DS, and 
thus below the range tested in this DOE, the effect of the polyelectrolyte on the cake 
dryness is very significant as will be discussed separately in Section 5.3 (Figure 5-14). 
 
 
Figure 5-8: Compaction curves obtained for the DOE. 
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Figure 5-9: Cake dryness at a compaction stress of 20 kPa as a function of the 
administered clay and polymer dosing at the two sludge inorganic fractions. 
 
 
Table 5-6: ANOVA table for the cake dryness at 20 kPa.  
 
Reported literature results confirm that the sludge inorganic fraction has a major effect 
on its centrifugal dewatering (Higgins et al., 2004b; Kopp and Dichtl, 2001). According 
to Kopp and Dichtl (2001), in the case of a higher inorganic fraction, the lower volatile 
(organic) sludge fraction will result in lower amounts of bound water as a result of 
binding less water by means of capillary forces, this way yielding a higher cake dryness 
after mechanical dewatering. Additional explanation is found in the concept of the 
inorganic solids (i.e., the CaCO3 precipitates, as discussed in Paragraph 4.2.2) acting as 
a skeleton builder, schematically depicted in Figure 5-10 (Zhao and Bache, 2001; Zhao, 
2002; Lai and Liu, 2004; Chen et al., 2006). The upper conceptual scheme A of Figure 
5-10 illustrates that when the compaction stress onto the sludge solids is increased from 
Ps,1 to Ps,2 the cake becomes less porous and the resistance to further water expression 
increases. In that case, increasing the compaction stress results only in minor or no 
further increase of the cake dryness; this behavior, as aforesaid, is atypical with 
compactable and non-drainable biological materials (Leung, 1998a, 2000, 2005). 
However, when incompressible and drainable inorganic solids are present within the 
sludge cake (lower scheme B in Figure 5-10), the resulting more rigid lattice structure 
Source                   DF    SS       MS       F      P 
Main Effects              3  42,2889  14,0963  236,90  0,000 
  clay (kg/h)             1  27,3582  27,3582  459,78  0,000 
  polymer (L/m³)          1   0,8313   0,8313   13,97  0,001 
  inorganic fraction (%)  1  14,0995  14,0995  236,95  0,000 
Error                    20   1,1901   0,0595 
Total                    23  43,4790 
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remains porous at the higher pressure Ps,2 and an increase in the sludge dryness is 
observed. Increasing the solids stress results in that case in increasing cake dryness (at 
least, up to a certain compaction stress), in contrast to the case of compacting pure 
biological material. The difference in compaction behavior is clearly observed in Figure 
5-8, when comparing the compaction stress from whereon the cake dryness reaches its 
maximum attainable value. For example, for the maximum applied polymer dosings: (i) 
at the lower 28% inorganic fraction (day 1 + day 2), the curves flatten from a 
compaction stress of approximately 10 kPa (at log Ps = 1.0) and 22 kPa (at log Ps = 1.35) 
when the clay dosing is increased from 0 to 30 kg/h; and (ii) at the higher inorganic 
fraction of 53%, the cake dewatering proceeds until a compaction stress of about 28 kPa 
(at log Ps = 1.45) and 40 kPa (at log Ps = 1.6) is reached for, respectively, the same 0 and 
30 kg clay/h additions. Thus, both an increase in the sludge inorganic fraction and the 
clay dosing shifts the point from whereon a further increase of the compaction stress 
does not yield a higher cake dryness, towards higher values, attaining higher possible 
cake dryness. This is concurrent with the results obtained by Hwang and Chou (2006), 
in that an increase in rotational speed (centrifugal compaction stress) results in a higher 
equilibrium cake dryness for either compressible and incompressible cakes; however, 
the increase in compaction stress is more efficient for a (partially) incompressible cake 
since in that case the cake porosity remains higher.    
The positive impact of blending material of mainly inorganic origin with sludge of 
mainly biological origin, to enhance the dewatering, is exemplified by the well known 
practice of mixing primary sludge (composed of mainly inorganic solids separated from 
the incoming wastewater in a primary clarifier) with secondary (biological) sludge in 
the feed make-up tank of filter presses (Rehmat et al., 1997). Denkert and Retter (1993) 
investigated at full-scale the effect of addition of powdered lime to sludge in a stirred 
tank before dewatering in a decanter centrifuge. The addition of this inorganic “ballast” 
ahead of the centrifuge allowed an improved compression of the solids in the decanter 
centrifuge due to the availability of a drainage network within the amorphous sludge 
(Denkert and Retter, 1993) in line with the findings of the present study results. 
Because a higher sludge inorganic fraction is correlated with a lower SVI, as depicted in 
Figure 4-11, the effect of the sludge quality on its dewatering performance can be 
expressed in terms of its SVI as well, in that a lower SVI will result in a better 
centrifugal dewatering. According to Sanin et al. (2011), one way of estimating the 
potential effectiveness of a centrifuge for dewatering biological sludge is to run the SVI 
test: a sludge that does not settle well, will also have poor centrifugation properties. 
Kjellerup et al. (2001) demonstrated this dependency of the sludge dewaterability on the 
SVI by measuring the solids dryness of filter cake at a large industrial WWTP: the 
dryness dropped markedly from about 60 to 30% DS when the SVI increased from 5 to 
30 mL/g.  
The effect of the clay conditioning has a significant effect as well on the cake dryness as 
can be discerned from Figure 5-9. On average, in the experimental ranges of the DOE, 
increasing the clay dosing from 0 to 30 kg/h yielded an additional 3% DS for the 
dewatered cake. The beneficial impact of clay dosing can be equally well attributed to 
the concept of the skeleton builder (Figure 5-10). 
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Figure 5-10: Schematic representation of the sludge centrifugal dewatering with the 
concept of a skeleton builder (like the sludge’s own inorganic fraction, or clay added to 
the sludge) rendering dewatering more effective (adapted from Lai and Liu, 2004). 
 
Implication to the Centridry® operation 
 
From Figure 5-9 it can be inferred that sludge with a 28% inorganic fraction and a high 
clay addition of 30 kg/h to a standard sludge solids feed flow, yields approximately the 
same cake dryness (± 20% DS on lab scale at 20 kPa) as sludge with 53% inorganics 
and a low clay dosing of 10 kg/h. In other words, this means that in periods of sludge 
characterized by higher inorganic fractions, the better intrinsic natural sludge 
dewatering properties can be compensated in the field by lowering the clay dosing to the 
Centridry® feed, resulting in a more constant cake dryness at the centrifuge outlet, and, 
hence, reducing the variation in the solids dryness at the early stage of the flash dryer. 
This control strategy to keep the sludge dryness as constant as possible, by adapting the 
external clay addition to the sludge feed of the Centridry® will be discussed in Chapter 
7. 
 
5.2.2 Extended data base covering a wide range of inorganic 
fractions from 25% to 87% 
 
In total 196 different sludge samples were analyzed in the period from 2007 till 2011 to 
further elucidate the effect of the sludge inorganic fraction at its full extent, in 
combination with the applied clay dosing. The samples were taken from the Centridry® 
feed in the field after the clay conditioning step, except for the sludge samples without 
Compaction stress PS,1 Compaction stress PS,2
Compaction stress PS,1 Compaction stress PS,2
Sludge inorganic fraction (CaCO3 solids); or clay solids
Sludgeorganic fraction
A
B
Chapter 5a - Effect of the sludge composition and clay skeleton builder on the sludge centrifugal dewatering 
 
114 
 
any clay conditioning which were taken from the clarifier underflow. The polymer 
conditioning was always applied in the lab. In the same lab effort, most often, the 
centrifugal compaction tests were executed twice (or thrice) starting from the same lab 
mixture make-up.  
A series of 13 (out of the 196) compaction curves is presented in Figure 5-11, including 
the lowest (January 18, 2007) and highest (March 1, 2011) compaction curves obtained 
throughout the years for sludge without clay conditioning and, hence, solely 
representing the effect of the varying sludge properties on its dewatering behavior. It is 
discerned from Figure 5-11 that the activated sludge from this WWTP shows very 
significant variation in its centrifugal dewatering: without clay conditioning, the cake 
dryness at a compaction stress of 20 kPa can be as low as 15.9% DS (January 18, 2007) 
and as high as 33.6% DS (March 1, 2011). The difference in dewatering for these two 
particular sludges is even more pronounced when the maximum achievable cake 
dryness is considered: the former sludge reaches a maximum cake dryness of only 18% 
DS, whereas the latter sludge attains a maximum dryness of 45.7% DS. This markedly 
different response of the sludge to consolidation will be explained below. It should be 
noted that the compaction curves in Figure 5-11 corroborate well the atypical behavior 
of compacting sludge in that increasing the compaction pressure only yields higher cake 
dryness until a certain point, from whereon the sludge dryness remains constant despite 
the higher stresses executed on the sludge solids matrix (Leung, 1998a, 2000, 2005). 
Moreover, this ‘critical’ compaction stress from whereon the curves flatten, shifts 
clearly to the right in Figure 5-11 for compaction curves that are situated at the higher 
side, that is, for sludges that yield a higher cake dryness at the same compaction stress. 
The cake dryness at 20 kPa for the 196 sludge samples is presented in Figure 5-12, 
whereby the clay dosing is stratified into three classes, that is: no clay dosing at all, a 
low clay dosing (around 0.10-0.15 kg/kg MLSS) and a high clay dosing (around 0.30 
kg/kg MLSS). Furthermore, in this Figure 5-12, an important additional differentiation 
is made for sludge obtained in the period before the closure of the manufacturing plant 
on site that was the main supplier of Na+ and organic N to the WWTP, and after this 
chemical unit plant had shut down at the end of 2010.  
In the following, first the results obtained for the period prior to this plant closure will 
be discussed, and in addition, a plausible explanation for the markedly higher sludge 
compaction (even for the same inorganic fraction) since the closure of this factory is 
presented.
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Figure 5-12: Cake dryness at a compaction stress of 20 kPa as a function of the sludge 
inorganic fraction and the administered clay dosage (no clay, low clay: ~ 0.10-0.15kg/kg MLSS 
and high clay: ~ 0.30 kg/kg MLSS). The 196 data were gathered in the period from 2007-2011. 
 
Sludge compaction before closure of the main Na+ and (organic) N supplying plant 
 
For the large range of sludge inorganic fractions from 25% to 69%, the relationship 
between the inorganic fraction and the cake dryness is best described including a 
statistical significant quadratic part (p < 0.05) as can be seen by the curvature in Figure 
5-12. More specifically, following regression equations were found, depending on the 
level of applied clay dosing (where I stands for the sludge inorganic fraction): 
 
(i) in case of no clay dosing (data in pink in Figure 5-12):  
cake %DS (at 20 kPa) =  30.2 – 0.761 × I + 0.0104 × I²  (R² = 0.87; N = 19) (5-10); 
(ii) in case of a low clay dosing (data in blue): 
cake %DS (at 20 kPa) =  28.9 – 0.526 × I + 0.00688× I² (R² = 0.67; N = 47) (5-11); 
(iii) in case of a high clay dosing (data in red): 
cake %DS (at 20 kPa) =  20.3 – 0.135 × I + 0.00330 × I² (R² = 0.60; N = 115) (5-12) 
 
The results of the DOE are corroborated by the extended data base. In the lower range 
of inorganic fractions (below 55%), on average a difference in cake dryness of about 1.5 
and 3.0% DS is found for respectively the low and high clay dosing compared to the 
case where no clay conditioning is applied. However, the effect of the clay dosing on 
the cake dryness diminishes beyond a 55% inorganic fraction, from whereon the sludge 
itself starts dewatering progressively better as result of its (own) higher inorganic 
fraction, acting as a skeleton builder as described in Paragraph 5.2.1 (Figure 5-10). The 
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diminishing effect of the clay conditioning on the sludge filterability performance, in 
the case of higher sludge inorganic fractions, was also shown in the past by CST 
measurements (Peeters and Herman, 2007). 
 
Sludge compaction after closure of the main Na+ and (organic) N supplying plant 
 
After the closure of the manufacturing plant that was the main supplier of Na+ and 
organic N to the WWTP, following regression is found for the cake dryness as a 
function of the sludge inorganic fraction (denoted again as I), whereby the (low) clay 
dosing has no effect anymore (data in yellow and green in Figure 5-12): 
 
cake %DS (at 20 kPa) = 16.7 + 0.191 × I (R² = 0.91; N = 15) (5-13). 
 
Interestingly, the centrifugal dewatering of the sludge after the closure of this plant is 
much better than before this plant was closed. For the same inorganic fraction of, e.g., 
58%, the cake dryness is 6.3% DS higher (28.1% DS instead of 21.8% DS on average) 
in the case of the ‘new’ sludge produced since the end of 2010.  
An explanation can be found in the surface charge (SC) of the sludge, and its 
implication to dewatering, before and after the plant closure: an SC of -0.4 meq/g 
MLVSS was found for the ‘new’ sludge formed under the new operational conditions, 
whereas the SC of the ‘old’ sludge was significantly lower at -0.7 to -0.8 meq/g 
MLVSS, determined with colloid titration (Figure 5-37). This remarkable shift in SC 
could be possibly found in the reduced ratio of N (other than NO3-N) to TOC in the feed 
to the biodegradation basin, as the (closed) manufacturing plant was a main supplier 
(next to Na+) of N to the WWTP. In the 6-year period prior to this plant closure, the 
ratio was on average 8.2 ppm N to 100 ppm TOC, which had dropped down with 60% 
to a level of 3.2 ppm N per 100 ppm TOC after the plant was shut down. Because N is 
an essential part of proteins, it can be expected that the ratio of carbohydrates to proteins 
formed under the new conditions will be higher (Sanin et al., 2006). A higher ratio of 
carbohydrates to proteins, two major constituents of EPS, is shown to yield a less 
negative SC of the sludge flocs (Figure 2-2; Shin et al., 2000). The better centrifugal 
dewatering after that particular plant closure (represented by the yellow and green data 
in Figure 5-12) could be attributed to the lower SC. During the centrifugal compaction 
of the sludge cake, in the case of a less negatively charged floc’s interior EPS matrix, 
the dewatering is more efficient since the internal floc structure can be compacted to a 
larger extent as a result of the lower electrostatic repulsive forces, this way squeezing 
out more water from the intra-floc pores, yielding the observed higher cake dryness 
(Saveyn et al., 2008). Chu and Lee (2003) demonstrated that the best centrifugal 
dewatering performance, i.e., a minimum of residual moisture in the centrifuged cake, 
occurs around the charge neutralization point because, in that case, the cake structure is 
most easily packed to expel moisture. 
Besides the effect of the reduced SC, the ‘new’ sludge grown up since the closure of the 
mentioned plant features an increased sludge inorganic fraction, as a result of massive 
CaCO3 precipitation in the biodegradation basin (the mechanism theretofore is discussed 
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in Paragraph 4.2.2), which can amount to 87%. This phenomenon is moreover 
characterized by the calcareous flocs appearing bleached. This suspension can be 
dewatered to a very high extent as exemplified by the (in Figure 5-11, highest situated) 
compaction curve obtained for sludge from March 1, 2011 and the corresponding cake 
dryness of 33.6% DS at 20 kPa compaction stress (data at the upper right corner of 
Figure 5-12). 
 
The conclusions of this Chapter 5a are included in the conclusions Section 5.6 at the 
end of Chapter 5b. 
 
 119 
 
 
 
Chapter 5b  
 
Effect of the sludge conditioning on the sludge 
centrifugal dewatering 
 
 
In this chapter, which is strongly linked with Chapter 5a, the effect is discussed of 
sludge conditioning with polyelectrolyte (Section 5.3), polyaluminiumchloride (Section 
5.4) and calciumchloride (Section 5.5) on the sludge centrifugal dewatering. To assess 
these impacts, the centrifugal compaction (spin tube) test, introduced in the previous 
chapter, is again extensively used. 
The here presented work is published as: 
 Peeters, B., Dewil, R., Van Impe, J.F., Vernimmen, L., Meeusen, W., Smets 
I.Y. (2011). Polyelectrolyte flocculation of waste activated sludge in decanter 
centrifuge applications: lab evaluation by a centrifugal compaction test, 
Environmental Engineering Science 28, 765-773. 
 Peeters, B., Dewil, R., Van Impe, J., Vernimmen, L., Meeusen, W., Smets I. 
(2010). Polyelectrolyte flocculation of waste activated sludge in decanter 
centrifuge applications: lab evaluation by a centrifugal compaction test. In: R. 
Dewil, L. Appels, A. Hulsmans (Eds.) Proceedings of the 6th European 
Meeting on Chemical Industry and Environment (EMChIE 2010), Mechelen, 
Belgium (May 17-19, 2010), pp. 307-316. 
 
5.3 Effect of polyelectrolyte conditioning 
Activated sludge exhibits poor dewaterability which is (to a large extent) related to the 
presence of the EPS inducing a negative surface charge (SC) of the sludge flocs 
(Mikkelsen and Keiding, 2002). To enhance its dewaterability, sludge is usually 
conditioned with cationic polymers, called polyelectrolytes, to reduce the effect of the 
negative SC of the sludge by charge neutralization and interparticle bridging (Hughes, 
2000; Moody and Norman, 2005; Tarleton and Wakeman, 2007). The primary objective 
of polymer conditioning is hence to increase particle size by combining the smaller 
particles into cohesive larger particles (Sanin et al., 2011). In general, the more rigorous 
and shear intensive the separation process used to dewater the sludge, the higher the 
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molecular weight and the higher degree of structure is needed for the polyelectrolyte 
(Records and Sutherland, 2001; Moody and Norman, 2005; Dentel, 2010). Therefore, 
non-linear polyelectrolytes have been developed (Bolto and Gregory, 2007), with cross-
linking between polymer chains, which have the advantage of being able to reform flocs 
after they have been broken down by shear forces like for instance inside a decanter 
centrifuge (Records and Sutherland, 2001). More precisely described in the Industrial 
Centrifugation Technology handbook of Leung (1998a), mechanical shear occurs 
especially during feed acceleration where the flocculated slurry is brought abruptly to 
high centrifugal gravity, typically in the range from 2500 to 4000g.  
In general, the purpose of laboratory tests involving sludge dewatering is to determine 
suitable polyelectrolytes and their corresponding dosage to improve the dewatering 
process in the full scale application. The beaker test, Jar settling test, free drainage test 
and (sheared) CST test have been widely used as a means of assessing sludge 
dewatering characteristics (Moody and Norman, 2005). However, since these tests only 
make a visual interpretation of the flocs or measure the filterability, they are obviously 
less appropriate in the case a simulation is needed for decanter centrifuge applications 
where dewatering mainly takes place by expression.  
In this section, the performance of three polymers is evaluated by means of the obtained 
cake dryness, using the centrifugal compaction test. Additionally, also the effect of Ca++ 
in the water on the sludge centrifugal dewatering will be observed since half of the tests 
were planned in a period of Ca++ depletion in the WWTP. To verify and/or compare the 
results obtained with the spin tube tests, sheared CST tests were conducted as well and 
floc size distributions were analyzed in Paragraph 5.3.1. Finally, in Paragraph 5.3.2, two 
of the three polymers evaluated with the bench scale test were also evaluated in the 
Centridry® installation to show the compatibility between the results obtained with the 
centrifugal compaction test and the full scale conditions. 
 
Set up 
 
The centrifugal compaction tests with polymer-conditioned sludge were performed with 
sludge samples taken on three different days, with day 1 (29 October 2008) and day 2 (4 
November) (as replicate) in the same week which secured almost the same sludge 
characteristics. Another test on day 3 (8 January 2009) was performed with the sample 
taken two months later when the Ca++ concentration was significantly lower (Table 5-7). 
The additional comparisons between the polymers, by means of the sheared CST test 
and the measurement of the floc size distributions (FSD), discussed in Paragraph 5.3.1, 
were performed at a later time and, hence, on different sludge.  
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Test: Centrifugal compaction (spin 
tube)  
Sheared CST FSD 
 Sample D1 and D2 Sample D3 Sample D4 Sample D5 
SVI (mL/g) 50 65 35 60 
MLSS (g/L) 20.2 and 19.3 17.7 22.4 18.4 
Inorganic fraction (%) 49 49 59 46 
[Ca++] in water (ppm) ~ 800 ~100 ~ 800 ~800 
Table 5-7. Description of the sludge used in the centrifugal compaction (spin tube) test, 
sheared CST (Capillary Suction Time) test and FSD (Floc Size Distribution) measurement. 
 
The three Polymers P1, P2 and P3 (Table 5-7) were obtained as 50 wt% active 
substance (a.s.) from the suppliers in emulsion form. They were first diluted to a 
concentration of 0.66 wt% a.s. and stirred gently during one hour. Next, these aged 
polymer solutions were further diluted to 0.20 wt% a.s. and the sludge conditioning was 
followed as described in Section 3.3. 
Polymer P1 is a tailor-made blend of linear and cross-linked cationic polymers with a 
low degree of cross-linking as reported by the supplier, and has been used at the 
Centridry® for more than 10 years. The alternative Polymers P2 and P3 are copolymers 
of acrylamide and quaternized N,N-dimethylaminoethyl acrylate. Charge densities (CD) 
and molecular weights (MW) of the polyelectrolytes, as provided by the suppliers, are 
listed in Table 5-8. Polymer P2 has a higher degree of cross-linkage compared to 
Polymer P1, and Polymer P3 has additionally a higher CD on top of the higher degree 
of cross-linkage. According to the review paper of Bolto and Gregory (2007), the 
polymers can be regarded as having a high MW (> 10+6) and high CD (50-100 mol% of 
the cationic component).  
 
Polymer MW (×10-6) (*) CD Description (*) 
  cationicity meq/g a.s. (*)  
P1 20-25 50 mol% (*)  Blend of linear and crosslinked polymers (low degree) 
P2 15-20 45 mol% 3.62 Crosslinked (medium degree) 
P3 15-20 75 mol% 4.65 Crosslinked (medium degree) 
Table 5-8: Characteristics of the cationic polyelectrolytes (MW: molecular weight;  
CD: charge density; a.s.: active substance); (*) data obtained from the supplier. 
 
Results and discussion 
 
Figure 5-13 presents the 36 compaction curves obtained. The curves obtained with the 
samples D1 and D2 (replicate) are shown with the same symbol to keep the figure 
readable. The cake dryness at 20 kPa is depicted in Figure 5-14. For the samples D1 and 
D2, evaluations were performed in a wide range from approximately 5 to 30 kg polymer 
a.s./ton DS, including replicates in the middle of this range (at an applied dosing of 45 L 
polymer/m³ sludge corresponding with approximately 17 kg polymer a.s./ton DS). The 
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results of the replicates corroborate the consistency demonstrated with the gage r&R 
study (Paragraph 5.1.2).  
For all polymers, the cake dryness enhanced significantly with increasing polymer 
dosing, up to approximately 17 kg a.s./ton DS. Further increase of polymer yielded 
comparable cake dryness on lab scale, once this plateau of maximum achievable cake 
dryness was obtained, with even a small deterioration in cake dryness at the highest 
dosing. It should be mentioned that this observation also explains why no effect was 
observed for the different polymer dosings (not lower than 16 kg a.s./ton DS) applied in 
the former executed DOE (Paragraph 5.2.1). The optimal polyelectrolyte dose of 17 kg 
a.s./ton DS found here with the lab centrifugal compaction test is concurrent with 
typical doses reported in literature in the range from 5 to 20 kg a.s./ton DS, 
demonstrated by cake analysis employing industrial decanter centrifuges (Records and 
Sutherland, 2001; Hatziconstantinou and Efstathiou, 2003; Boráň et al., 2010). 
From the data depicted in Figure 5-14 it can be discerned that the medium cross-linked 
Polymer P3 with the highest CD resulted in a higher achievable cake dryness, followed 
by the other medium cross-linked Polymer P2, whereas the Polymer P1 with the low 
degree of cross-linkage yielded the lowest cake dryness. The same results, that is to say, 
the relative performance of the three polymers, were obtained two months later with 
sample D3, with the two medium cross-linked Polymers P3 and P2 outperforming the 
low degree cross-linked Polymer P1, though the cake dryness was shifted downwards 
consistently with approximately 2% DS. The difference in cake compactibility can be 
explained by the low Ca++ concentration in the wastewater in the case of sample D3 
(~100 ppm) compared to the samples D1 and D2 (~ 800 ppm). The effect of Ca++ in the 
water surrounding the sludge flocs on its dewaterability was also shown in the past, in 
terms of filterability, by CST measurements on sludge samples of this WWTP (Peeters 
and Herman, 2007). The effect of Ca++ ions in the water on the sludge’s centrifugal 
dewatering will be investigated again in detail as part of a DOE in Section 5.4, and 
formally discussed in Section 5.5. 
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Figure 5-13: Compaction curves obtained with samples D1 and D2 (replicate; shown with the 
same symbol) and D3 for the three Polymers P1, P2, P3 at the different dosings of 15, 30, 45, 
60, 75 L/m³. 
 
 
 
Figure 5-14: Cake dryness at a compaction stress of 20 kPa as a function of the amount of 
administered active substance (a.s.) of polymer per ton dry solids (DS). The lowest curves 
were obtained in a period of Ca++ depletion from the WWTP. 
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5.3.1 Centrifugal compaction test versus sheared CST test and floc 
size distributions 
Sheared CST  
 
In Figure 5-15 the 95% confidence interval for the average sheared CST is shown at 
different polymer dosings, and after various stirring times of the samples ranging from 0 
to 160 seconds, for Polymer P1 and P3. The basis for this figure were 246 CST 
measurements. When polymer was added to the raw sludge, larger flocs were formed, 
and a decrease in CST was observed compared to the raw sludge CST. Sludge 
conditioned with a low amount of 4 L/m³ (1.2 kg a.s./ton DS) yielded an improved 
filterability (CST of 10 s) compared to unconditioned sludge (25 s), but the flocs formed 
at these low dosages broke up, which is shown by a slight increase of CST at increased 
stirring times. At the dosages of 9 and 19 L/m³ (2.6 and 5.6 kg a.s./ton DS), the CST 
remained stable at 6 s. However, upon increase of the polymer dosage, CST values 
started to rise again and became larger than the raw sludge samples’ CST values which 
would suggest a deterioration in dewaterability. This is in contradiction to the clear 
improvement of the sludge dewaterability at higher polyelectrolyte doses starting from 
17 kg a.s./ton DS, demonstrated with the centrifugal compaction tests (Figure 5-14). 
These data demonstrate that the CST is an unreliable parameter to assess biological 
sludge dewatering on lab scale in the case of sludge dewatering applications with 
decanter centrifuges where dewatering takes place mainly by expression rather than by 
filtration. According to Christensen et al. (1993) the unreliability of the CST may be 
ascribed to the increased viscosity of the liquid phase caused by excess, i.e., 
unadsorbed, polymer when overdosing is applied, the latter also demonstrated in the 
work of Papavasilopoulos and Bache (1998). At the high dosages, breakage of flocs by 
stirring leads to further consumption of polymer in solution (Langer et al., 1994), 
reducing its viscosity and yielding a lower CST value at longer shearing times as can be 
discerned at the left side of Figure 5-15. It is concluded that the CST is limited in utility 
because it only measures the rate of filtration (Emir and Erdincler, 2006; Dentel and 
Dursun, 2009).  
A remarkable difference was observed between both polymers at the high dosages. At 
37 L/m³ (11 kg a.s./ton DS), Polymer P1 showed a higher overdosage (higher CST) than 
Polymer P3. But at 75 L/m³ (22 kg a.s./ton DS), Polymer P3 showed a higher 
overdosage than P1. Even after 160 s of stirring, excess (unconsumed) polymer 
remained in the liquid phase, which indicates that less polymer was consumed for 
reflocculation, whereas in the case of P1 all polymer was depleted from solution.  At the 
highest dosage of 75 L/m³ the conditioned sludge flocs were more shear resistant in the 
case of Polymer P3 with a higher degree of cross-linking and a higher CD, shown by a 
smaller slope of decreasing CST versus stirring time, and a surplus of unconsumed 
polymer remained in solution. Compared to polyelectrolytes without or a lower degree 
of cross-linkage, the modified (highly branched and structured) polymers require a 
greater dosage to reach its optimum performance, but the flocs are larger and more 
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shear-resistant (Dentel et al., 2000; Dentel, 2001; Müller and Dentel, 2002; SNF 
Floerger, 2003). Additionally, in the review of Bolto and Gregory (2007) it is found that 
polyelectrolytes of higher CD tend to be more effective, which is (in addition to the 
higher degree of cross-linkage) possibly part of the explanation for the better 
performance of Polymer P3. 
 
 
Figure 5-15: Sheared CST measurements for Polymer 
P1 and P3 (3 repeats of the CST for every combination). 
 
Floc Size Distribution (FSD) 
 
It is recognized that particle size can have a significant effect on the solid/liquid 
separation behavior of a suspension (Knocke and Wakeland, 1982). For instance, for 
filtration to work efficiently, the target properties for the particles would be to have a 
size as large as possible, and have a monosize distribution (Wakeman, 2007b). 
Moreover, the finer particles in the particle distribution are important for characterizing 
a dewatering process with a filter as well as with a centrifuge (Feitz et al., 2001; 
Wakeman, 2007b; Sanin et al., 2011). An improved dewatering is shown to correspond 
with a smaller proportion of these fine particles. For example, an increase in sludge cake 
dryness after centrifugation from 16 to 20% DS was correlated by Feitz et al. (2001) 
with a decrease of the fines from 30 to 24%.  Besides, the past (shearing) history of a 
sludge is of considerable importance for the shear resistance of the finally flocculated 
suspensions, and the optimum past (shearing) conditions in terms of the final shear 
resistance varies depending on the polymer type (Müller and Dentel, 2002). However, 
in this study, mixing intensities and duration were fixed reflecting the constant 
operational conditions of the industrial installation. 
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The median floc size for three polymer dosages (45, 60 and 75 L/m³) as function of the 
circulation (shearing) time in the Coulter is presented in Figure 5-16 for Polymer P1 (in 
blue) and P3 (in red). Unconditioned sludge had a median floc size of 37 µm which 
remained stable during the FSD measurements. For the polymer conditioned sludge, 
throughout the measurements, the median floc size decreased, indicating that the shear 
exerted by the instrument during the measurement process caused floc breakage.  
It was found that at the lowest dosage of 45 L/m³ (16.1 kg a.s./ton DS) the floc size was 
larger in the case of the Polymer P1. But at the highest doses of 60 and 75 L/m³ 
(corresponding to 21.5 and 26.9 kg a.s./ton DS respectively), Polymer P3 yielded larger 
flocs.  
 
Figure 5-16: Median floc size (D[50]) for the Polymer P1 and P3, at three polymer 
dosings (45, 60 and 75 L/m³), as function of circulation (shear) time in the Coulter device. 
 
At the left side of Figure 5-17, the interquartile range (IQR) is presented as a function of 
the D[50]. The overall effect of an increased shear applied on the flocculated 
suspensions was a reduction in the D[50] (as already shown in Figure 5-16) and a 
reduction in the IQR, which indicates that the distributions became smaller, that is to 
say, a more uniform distribution resulted due to the shear forces. There is a marked 
difference between Polymer P1 and Polymer P3 at the higher dosages. In the case of 
Polymer P1, the bigger flocs obtained by increasing the dosing from 60 to 75 L/m³ had a 
larger IQR at a certain median floc size (in Figure 5-17, the curve is shifted to the left), 
while in the case of Polymer P3, the bigger flocs obtained at a dosing of 75 L/m³ had a 
smaller IQR at a certain median floc size than for a dosing of 60 L/m³ (in Figure 5-17, 
the curve is shifted to the right). Restated, it appears that the more cross-linked and 
more densely charged Polymer P3 yielded a more uniform floc size distribution at the 
highest dosing, in addition to a bigger floc size. 
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Figure 5-17: IQR (interquartile range, D[75]-D[25]; left side) and colloidal fraction (total 
vol% of flocs < 10 µm; right side) as function of the median floc size (D[50]). The effect 
of an increased circulation (shear) time (from 0 to 29 min) is indicated with an arrow. 
 
As shown at the right side of Fig. 5-17, the overall effect of shear was the increase of 
the particle fines content along with a decrease in the D[50]. The colloidal fraction was 
at a very low level of 0.3 vol% at the beginning of the FSD measurements in case of the 
highest dosages of 60 and 75 L/m³ for both Polymer P1 and P3, and increased to a level 
of 1 vol% after 29 minutes. At the lower dosage of 45 L/m³, the initial proportion of 
fines increased as result of the shearing from 0.2 to 1.8 vol% for Polymer P1, and from 
0.7 to 1.9 vol% for Polymer P3. The colloidal fractions in this study are at such a low 
level that no significant effect on the centrifugal dewaterability can be expected. 
Besides, at the highest dosages, no difference at all existed between both polymers.  
Conclusively, it is known that a greater dosage of the modified (highly branched, 
structured) polymers is required to reach optimum performance, but the flocs attained 
are larger and more shear-resistant (Dentel et al., 2000; Dentel, 2001; Müller and 
Dentel, 2002; SNF Floerger, 2003). The higher CD of Polymer P3 serves as an 
additional explanation for its better performance (Bolto and Gregory, 2007). 
 
5.3.2 Compatibility between centrifugal compaction test and full 
scale conditions 
 
After the lab evaluations, the performance of Polymer P3 was evaluated in the 
Centridry® installation. For this, Polymer P3 was used in two campaigns of respectively 
11 and 14 days, changing the polymer dosing from 23 to as low as 13 kg a.s./ton DS. 
Before, in between and after these two campaigns, the (standard) Polymer P1 was used 
during respectively 9, 10 and 14 days. The first reduction in polymer dosing below 17 
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kg a.s./ton DS (the critical polymer dosing in terms of cake dryness after centrifugal 
dewatering in the lab as depicted in Figure 5-14) was evaluated with the best performing 
Polymer P3 on lab scale. Because of the steep decline in final product dryness at the 
reduced dosing of Polymer P3 in the field (which performs better than Polymer P1 in 
the lab), it was decided to keep the polymer P1 dosing always above 17 kg a.s./ton DS. 
Daily samples were taken from the sludge feed to the centrifuge-dryer system and 
analyzed for the MLSS concentration, and the dryness of the final dried product was 
determined. It must be mentioned that sampling of the cake leaving the decanter 
centrifuge (for analysis of the dryness) is, unfortunately, not possible because the 
Centridry® system is one compact, enclosed machine as discussed in Section 1.3. We, 
therefore, have to rely on the dryness of the final dried product as a measure for the 
polymer’s performance in the field. 
The dryness of the final dried product is depicted in Figure 5-18 as function of the 
polymer conditioning applied to the decanter centrifuge. 
 
 
Figure 5-18: Final dried product of the Centridry® as a function of the 
amount of administered active substance of polymer per ton dry solids. 
 
A relatively high spread in the final dried product dryness was observed, e.g., for the 
Polymer P1 at dosages higher than 20 kg a.s./ton DS the dryness amounted to 85.0 ± 
5.4% DS. Though, this variation is expected taking into account the variation already 
induced by the sludge decanter centrifuge itself. The reference Decanter Centrifuge 
Handbook (Records and Sutherland, 2001) mentions that for a decanter centrifuge, at 
best, a cloud of points will be seen on a graph when evaluating the effect of different 
polymer dosages on the sludge cake dryness. Because of the low differential speed in 
the range from 1 to 3.5 rpm (see Figure 1-4) to transport the sludge cake out of the 
centrifuge bowl, it takes a long time to arrive at steady-state conditions and, in practice, 
the process never reaches steady state and is always under a transient condition (Leung, 
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1998a, 1998b). As a result of the inevitable variation, a higher (but not statistically 
significant) final dryness was observed in the case of Polymer P3 (Figure 5-18). A 
longer evaluation period and hence more data would be needed here to be more 
conclusive. 
However, the data gathered from the field test with the polymer P3 (Figure 5-18) are in 
very good agreement with the data from the centrifugal compaction test (Figure 5-14): a 
steep decline in final product dryness was observed when a dose below 17 kg a.s./ton 
DS was applied. At that moment, the dryness of the cake leaving the decanter 
centrifuge, immediately entering the initial stage of the flash dryer, drops significantly 
and cannot be compensated by the dryer capacity immediately, yielding a significantly 
lower final dryness. Also a clear deterioration in centrate quality was observed, 
accompanied by an increased vibrational level of the decanter centrifuge. This was 
resolved by increasing the polymer dosing again. It must be (re-)mentioned that in case 
the practical polymer dosing would have been deduced from the ‘optimal’ 
dewaterability in terms of lab CST measurements, serious operational problems would 
certainly have been the result. In other words, the CST measurements failed to provide 
appropriate data in terms of indicating achievable cake dryness after centrifugal 
dewaterability.  
This evaluation shows the compatibility of the centrifugal compaction test with the 
dewatering taking place in the high-solids decanter centrifuge, including the sludge 
conditioning/shearing protocol which is known to have an important effect on the 
subsequent dewatering process (Langer et al., 1994; Müller and Dentel, 2002), but, 
which is at the same time the most difficult (unknown) part of lab simulations. 
According to Papavasilopoulos and Markantonatos (2001), the failure of laboratory tests 
to map behavioral aspects of polymer conditioning at full scale is generally attributed to 
differences in shear intensities applied in the laboratory and full scale. If the bench scale 
and full scale tests, however, do agree (as is the case), then the lab procedure is likely to 
be generally predictive of the full-scale outcome (Dentel, 2010). 
 
5.4 Effect of PACl conditioning 
Notwithstanding growing obvious economic, environmental and industrial interest in 
the dewatering of WAS, few studies have dealt with the effect of the widely applied 
PACls on the dewaterability of the resulting WAS (Chang et al., 1997; Lai and Liu, 
2004; Lin et al., 2008b). Moreover, the sludge dewatering is assessed in these few 
studies by means of the CST, which is definitely not appropriate as bench scale test to 
predict the sludge dewatering at full scale with a decanter centrifuge, as outlined in 
Section 5.3. Because of the central role of the sludge (WAS) feed conditioning with 
pure PACl towards the Monsanto Centridry® installation (discussed in Chapter 7), in 
this section, a thorough investigation is conducted to elucidate its effect on the 
centrifugal dewatering. 
A comparable approach was followed here as was the case in Section 5.2. That is, firstly 
a DOE was executed at the beginning of 2010 to investigate thoroughly the possible 
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effect of the sludge preconditioning with PACl (and more precisely, PAX-14) on the 
centrifugal dewatering in Paragraph 5.4.1. These trials were planned during a period of 
Ca++ depletion from the wastewater, so that the effect of Ca++ could additionally be 
investigated (a second time) as well, to confirm the results presented in Figure 5-14 
regarding the effect of Ca++.  
After the DOE, three additional tests (in March, April and May 2010) were conducted 
(Paragraph 5.4.2) to further substantiate the findings of the former DOE, and to 
elucidate the effect of PACl preconditioning for a wider range of sludge inorganic 
fractions as listed in Table 5-9. In analogy with the approach in Section 5.2, this section 
will be finalized by discussing an extended data base in Paragraph 5.4.3, including the 
observed difference in response of the sludge centrifugal dewatering to PACl 
conditioning, since the closure of the main Na+ and organic N supplying plant on site.    
 
 
Table 5-9: Sludge characteristics used in the DOE and subsequent additional compaction tests. 
 
5.4.1 Design of experiments 
 
Set up 
 
A lab DOE was conducted to verify the effect of PACl (PAX-14) addition to the WAS 
at different levels of Ca++ in the wastewater. The composition of the different mixtures 
is summarized in Table 5-10. Besides the corner points (high/low levels), a center point 
was included to verify possible curvature in the relationships. The center point was 
repeated and the whole design was replicated. Tests were planned on January 4 and 6 
(replicate) 2010, because in that period the baseline of Ca++ in the wastewater was low 
at approximately 150 ppm, which was taken as the low calcium level in this 
experimental setup.  
The clay and polymer additions were invariable for all mixtures at a low ratio of 0.1 kg 
clay/kg MLSS and 25 kg polymer a.s./ton DS. To increase the Ca++ concentration with 
1000 ppm, 2.2 g CaCl2.H2O was added to a sludge volume of 0.8 L, whereas the low 
and high level of PACl were obtained by adding respectively none and 2.7 mL of the 
PACl solution. Obviously, the center point corresponds to an addition of 1.1 g CaCl2 
and 1.35 mL of PACl. The medium PACl dosage of 1.35 mL to 0.8 L sludge (with an 
MLSS of approximately 20 g/L) was chosen to reflect an equivalent dosage as typically 
applied in the field at a ratio of 10 to 15 L/h PACl to a Centridry® sludge feed of 6 m³/h 
(at respectively an MLSS of 20 or 30 g/L), or a specific usage of ± 0.10 kg PACl/kg 
MLSS. In the past, before the practice of adding pure PACl directly to the Centridry® 
feed (to mitigate the dryer fouling as discussed in Chapter 7), the PACl was only 
date (2010): January 4‐6 March 30 April 29, May 18
D.O.E.
SVI (mL/g) 53 36 55 47
inorganic fraction (%) 30 59 36 42
[Ca++] in water (ppm) 143 628 77 683
[Ca++] in homogeneous sample (ppm) 1732 5806 1476 3095
additional compaction tests
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indirectly supplied to the Centridry® feed via the flotation sludge removed at the DAF 
unit (see Figure 1-1). The PACl was dosed at the DAF at a ratio of 15 to 20 L/h in a 
wastewater flow of 300 m³/h (corresponding with 5 to 7 mg/L as Al). About 70% of this 
PACl, and, hence, an equivalent of 10 to 15 L/h PACl was found back in the sludge 
feed of the Centridry®, reason why the direct PACl preconditioning of the sludge feed is 
also in the same range from 10 to 15 L/h. 
The corner and center points, as a result of the respective CaCl2 and PACl dosages to 
the raw sludge, are visualized in Figure 5-19. Samples for analysis of the floc size 
distribution (FSD), the sludge surface charge (SC) and Ca++ concentration in the water 
were taken after clay, CaCl2 and PACl additives were all added, but prior to the polymer 
conditioning. In addition, after the polymer-induced flocculation a second sample was 
taken for measurement of the FSD. Finally, these sludge samples were dewatered by 
means of the centrifugal compaction test. 
 
 
Table 5-10: Experimental set-up (DOE) to verify the effect of low and high (i) 
Polyaluminiumchloride (PACl) dosing (0 and 2.7 mL) and (ii) low and high Ca++ concentration in 
the water. 
 
 
Figure 5-19: Visualization of the corner points and center point of the 
DOE: total calcium and aluminum concentrations in the different mixtures. 
sludge (L) clay (g) CaCl2 (g) PACl (mL) Polymer conditioning (0,20 wt%)
test 1 0,8 1,5 0,0 0,00 190 mL low level Ca++ low level PAC
test 2 0,8 1,5 2,2 0,00 190 mL high level Ca++ low level PAC
test 3 0,8 1,5 0,0 2,70 190 mL low level Ca++ high level PAC
test 4 0,8 1,5 2,2 2,70 190 mL high level Ca++ high level PAC
test 5 0,8 1,5 1,1 1,35 190 mL
test 6 0,8 1,5 1,1 1,35 190 mL
test 1 0,8 1,5 0,0 0,00 190 mL low level Ca++ low level PAC
test 2 0,8 1,5 2,2 0,00 190 mL high level Ca++ low level PAC
test 3 0,8 1,5 0,0 2,70 190 mL low level Ca++ high level PAC
test 4 0,8 1,5 2,2 2,70 190 mL high level Ca++ high level PAC
test 5 0,8 1,5 1,1 1,35 190 mL
test 6 0,8 1,5 1,1 1,35 190 mL
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Results and discussion 
 
Effect of PACl addition on the floc calcium content 
 
The Ca++ concentration in the water surrounding the sludge flocs is depicted in Figure 
5-20. This figure reveals that the Ca++ concentration in the water is consistently higher 
with 450 ppm for the mixtures with the high PACl dosing compared to the mixtures 
without PACl addition and the same CaCl2 additions. This indicates that Ca++ is 
released from the floc structure when PACl is added to the sludge, yielding the observed 
increase of Ca++ in the water. This loss of Ca++ from the floc is significant as 
demonstrated by following calculation. The homogenized samples without CaCl2 
addition have a Ca++ concentration of 1732 ppm, whereas the wastewater (again without 
the addition of CaCl2) during the DOE has a Ca++ concentration of 143 ppm. This 
implies that 1589 ppm Ca++ in the homogenized raw sludge sample is originating from 
the Ca++ built on the floc structure. The release of 450 ppm Ca++ from the flocs into the 
water as a result of the PACl conditioning amounts to 450/1589 or 28% of the Ca++ that 
was initially part of the floc structure. Taking into account the central role of Ca++ in the 
sludge floc structure, the effect of PACl addition on the floc’s Ca++ release was further 
investigated with additional data in Paragraph 5.4.2. 
 
 
Figure 5-20: Ca++ concentration in the water at the various CaCl2 and PACl doses. 
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Effect of PACl and CaCl2 addition on the floc size, floc strength and colloidal fraction 
 
Floc size 
 
The median floc sizes before polymer conditioning (secondary floc) and after polymer 
conditioning (tertiary floc) are shown at the left and right side of Figure 5-21. The 
respective ANOVA tables are presented in Table 5-11 and 5-12. A p-value of 
respectively 0.20 and 0.11 for the secondary and tertiary median floc size indicated that 
the results of the replicate are not statistically different from the results obtained from 
the first execution of the DOE. The CaCl2 and PACl additions have a linear effect on 
the median of the secondary floc (center points p-value = 0.84), whereas there is a 
significant curvature in the effect of both additives on the tertiary floc size (p = 0.00) as 
can be discerned from Figure 5-21. 
 
The median of the secondary floc, depicted at the left side of Figure 5-21, increased 
slightly from 37 to 39 µm for the raw sludge when 2.2 g CaCl2 was added, though this 
effect was not statistically significant (p = 0.27). The addition of 2.7 mL PACl resulted 
in a larger floc size of 46 µm and 50 µm respectively in case 2.2 g CaCl2 was added or 
not, prior to the PACl dosing. This indicates that the effect PACl has on the floc size 
depends on the Ca++ concentration in the water, i.e., there appears to exist an interaction 
(p = 0.00) between Ca++ and PACl affecting the floc size. This can be explained by the 
increased floc size as result of the prior Ca++ addition, which yields a decreased 
adsorption of these larger flocs on the Al13 polymer species, resulting in a final smaller 
floc size in case of prior Ca++ addition. A comparable observation was made by Wang et 
al. (2009a) who concluded that the total hardness in the water influences the flocs 
aggregation in the coagulation process of humic acid by aluminum salts. The most 
remarkable observation, however, is the significant larger floc size (p = 0.00) as a result 
of the PACl addition. This can be attributed to (i) the function PACl basically has as an 
inorganic polymeric flocculant (IPF), as outlined in Section 2.3, flocculating smaller 
flocs together, and, hence, yielding bigger flocs; and (ii) the entrapment of water in 
these resulting secondary (PACl-) flocs, as result of the exterior bound water ligands to 
the Al13 polymers (see Figure 2-7) and hydration water of other Al-species as well. In 
addition, the aggregates of a few µm in size, formed at higher PACl doses, result in the 
larger, bulkier flocs (Tang and Shi, 2002; Tang et al., 2004; Lin et al., 2008a, 2008c). 
The total explained variation in the median secondary floc size amounts to 96% with 
90% explained solely by the induced variation of the PACl dosage (Table 5-11). 
 
As expected, the polymer-induced tertiary flocs were an order of magnitude larger as 
shown at the right side of Figure 5-21. The largest floc size after polymer conditioning 
(400 µm) is obtained in case initially neither CaCl2 nor PACl was added to the raw 
sludge. The secondary flocs pre-conditioned with PACl resulted in the smallest tertiary 
floc size of 220 µm. Both CaCl2 (p = 0.05) and PACl (p = 0.00) had a significant effect 
on the final tertiary floc size. The total explained variation on the median tertiary floc 
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size is 91% with again a major part (58%) explained by the induced variation of the 
PACl dosage (Table 5-12). 
 
 
Figure 5-21: Effect of PACl addition at different calcium levels on the 
median floc size before (left) and after (right side) polymer conditioning. 
 
 
Table 5-11: ANOVA table for the median secondary floc size, i.e., before polymer conditioning. 
 
 
Table 5-12: ANOVA table for the median tertiary floc size, i.e., after polymer conditioning. 
 
Figure 5-22 presents the median floc size after polymer conditioning as function of the 
median floc size before polymer is added. This reveals that in case a bigger secondary 
floc is obtained before polymer conditioning (as result of the PACl pre-conditioning), a 
smaller tertiary floc results after addition of the polymer and vice versa. A plausible 
explanation for this observation is that a lower number of secondary flocs can be bound 
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together by the polyelectrolyte chains to form smaller tertiary flocs in case the 
secondary flocs are already larger. This is schematically depicted in Figure 5-23.  
 
 
Figure 5-22: Median floc size before and after polymer conditioning 
as function of the PACl conditioning at different calcium levels. 
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Floc strength 
 
The floc strength is another important operational parameter in solid-liquid separation 
processes and this has been evaluated by means of the floc strength factor as defined in 
Paragraph 3.1.5. A higher value of the floc strength factor indicates that the flocs are 
less sensitive to breakage as result of shear and are, therefore, considered stronger 
(Jarvis et al., 2005). Figure 5-24 presents the floc strength factor before polymer 
conditioning (secondary floc) and after polymer conditioning (tertiary floc). The 
ANOVA tables are depicted in Table 5-13 and 5-14, respectively. A p-value of 0.75 and 
0.72 for respectively the secondary and tertiary floc strength indicate that the results of 
the replicate are not statistically different from the results obtained from the first 
execution of the DOE. The CaCl2 and PACl additions have a linear effect on both the 
secondary and tertiary floc strength factor (center points p-value of respectively 0.85 
and 0.93), as can be observed in Figure 5-24. 
 
The secondary flocs of the untreated, raw sludge and the sludge conditioned with 2.2 g 
CaCl2 only, characterized by the smallest floc sizes of 37 and 39 µm respectively (left 
side of Figure 5-21), have the highest shear resistance (99%). The shear resistance of the 
secondary flocs decreased with increasing PACl dosing (p = 0.00), corresponding well 
with their larger secondary floc sizes (left side of Figure 5-21), with a floc strength 
factor of 94% on average at the highest 2.7 mL PACl dosing. The general trend that 
smaller flocs tend to have greater strength than larger flocs (Jarvis et al., 2005) is 
confirmed for the secondary flocs. The total explained variation in the secondary floc 
strength factor is 75%, explained solely by the induced variation of the PACl dosage 
(Table 5-13). 
 
The strength of the finally obtained tertiary flocs (right side of Figure 5-24) depends 
clearly on the characteristics of the secondary flocs. The tertiary flocs obtained from 
secondary flocs prior conditioned (or better: fortified, according to Subramanian et al., 
2010) with Ca++ are more resilient to shear by far (floc strength factor of 82%) (p = 
0.00) notwithstanding this sludge has a larger floc size (330 µm) than the PACl 
conditioned flocs (220 µm) with a floc strength factor of only 65-70%. Fortification of 
the secondary sludge floc structure with Ca++ yielded a very strong tertiary floc 
structure. Although the secondary floc strength of the Ca++ fortified sludge was the 
same as for the raw sludge (left side of Figure 5-24), obviously explained by the very 
small sizes of both flocs, the positive effect of the Ca++ on the shear resistance manifests 
clearly for the resulting tertiary flocs. The large tertiary flocs of 400 µm obtained after 
polymer conditioning of the raw sludge with only ~150 ppm Ca++  in its water (right side 
of Figure 5-24) show the lowest resistance against floc breakage by far (only 55%). On 
the other hand, the smaller tertiary flocs of circa 200 µm (right side of Figure 5-21), 
conditioned with PACl, showed a higher shear resistance than the bigger tertiary flocs 
of the raw sludge (400 µm), in line with the aforementioned general rule that smaller 
Chapter 5b - Effect of the sludge conditioning on the sludge centrifugal dewatering 
 
 
138 
 
flocs tend to have greater strength than larger flocs, with the Ca++ fortified sludge being 
the exception to this rule (resulting in large and shear resistant tertiary flocs). 
A generally held conception within the wastewater industry is that the addition of 
polyelectrolyte acts to increase floc structural characteristics by aiming to improve floc 
size and strength. Based on our observations, this statement appears to be partially true 
in terms of floc strength. As mentioned in the review of floc strength and breakage by 
Jarvis et al. (2005), and confirmed by the present data, the difference in floc strength 
before and after polymer conditioning is likely to be a reflection of the binding 
mechanisms in and onto the secondary flocs. 
 
 
Figure 5-24: Effect of PACl addition at different calcium levels on the floc 
strength factor before (left) and after (right side) polymer conditioning. 
 
 
Table 5-13: ANOVA table for the secondary floc  
strength factor, i.e., before polymer conditioning. 
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Table 5-14: ANOVA table for the tertiary floc  
strength factor, i.e., after polymer conditioning. 
 
Colloidal fraction 
The colloidal fraction of the floc size distributions is depicted in Figure 5-25 before 
(left) and after (right side) polymer conditioning (secondary and tertiary floc), with the 
respective ANOVA tables presented in Table 5-15 and 5-16. The results obtained for 
the replicate are again not statistically different from the first trial (p-value of 0.22 and 
0.57 for respectively the secondary and tertiary floc colloidal fraction).  
 
From the data depicted at the left side of Figure 5-25, it can be inferred that the colloidal 
fraction of the untreated raw sludge is at a level of 7-8 v/v% (volume percentage), 
which is subsequently reduced significantly after the polyelectrolyte conditioning to a 
residual level of 1 v/v% (right side of Figure 5-25). The PACl preconditioning of the 
raw sludge floc resulted in a (statistical significant; p = 0.00) reduction of the colloidal 
fraction from 7-8 v/v% to only a level of 5 v/v%. This finding is in accordance with the 
general rule that the adsorption affinity of organic polymers is stronger than that of 
inorganic polymers (Tang and Shi, 2002). The PACl dosing explains the biggest part of 
the total explained variations for the data obtained before (58%) and after (98%) 
polyelectrolyte addition.  
 
Figure 5-25: Effect of PACl addition at different calcium levels on the floc  
colloidal fraction (< 10 µm) before (left) and after (right side) polymer conditioning. 
Source              DF     SS       MS      F      P 
Main Effects         2  385,730  192,865  14,91  0,002
  CaCl2 (g)          1  378,125  378,125  29,23  0,001
  PACl (ml)          1    7,605    7,605   0,59  0,465
2-Way Interactions   1  330,245  330,245  25,53  0,001
  CaCl2(g)*PACl (ml) 1  330,245  330,245  25,53  0,001
Error                8  103,475  12,934 
Total               11  819,450 
3210
9
8
7
6
5
4
3210
1,2
1,1
1,0
0,9
0,8
0,7
0,6
0,5
0,4
0,3
colloid fr (T-avg) before POL
PACl dosing (mL to 0,8 L sludge)
colloid fr (T-avg) after POL
0,0
1,1
2,2
added
CaCl2 (g)
Beforepolymer conditioning
Co
llo
id
al
fr
ac
tio
n
(v
ol
%
)
Raw sludge
Raw sludge
After polymer conditioning
Chapter 5b - Effect of the sludge conditioning on the sludge centrifugal dewatering 
 
 
140 
 
 
Table 5-15: ANOVA table for the secondary floc  
colloidal fraction, i.e., before polymer conditioning. 
 
 
Table 5-16: ANOVA table for the tertiary floc  
colloidal fraction, i.e., after polymer conditioning. 
 
Effect of PACl and CaCl2 addition on the sludge surface charge 
The surface charge (SC) of the secondary flocs (before polymer conditioning), 
determined by the colloid titration method, is depicted in Figure 5-26 with Table 5-17 
summarizing the ANOVA. The SC of the untreated sludge is approximately -0.75 
meq/g VSS which is at the lower side of the range for the SC’s found in literature, from 
-0.1 to -0.7 meq/g VSS (Shin et al., 2000; Liao et al., 2001; Sponza, 2002, 2003; Jin et 
al., 2003; Mikkelsen, 2003). A less negative SC was found with a higher Ca++ (p = 0.00) 
and PACl (p = 0.00) addition, explained by their positive charges neutralizing part of 
the negative SC of the flocs. The charge neutralizing effect of Ca++ was also 
demonstrated by Liu and Sun (2011) by operating three sequencing batch reactors 
(SBRs) with three different calcium concentrations in the wastewater, and also Pevere et 
al. (2007) showed that the sorption of Ca++ decreases the negative charge carried by 
granular sludge particles. The interacting effect (visually observed in Figure 5-26) 
between Ca++ and PACl on the SC is not statistically significant (p = 0.12).  
  
  
Source          DF     SS      MS      F      P 
Main Effects     1   9,1394  9,1394  13,74  0,004 
  PACl (mL)      1   9,1394  9,1394  13,74  0,004 
Error      10   6,6496  0,6650 
Total           11  15,7890 
Source          DF     SS        MS        F      P 
Main Effects     2  0,722683  0,361342  249,23  0,000
  CaCl2 (g)      1  0,055924  0,055924   38,57  0,000
  PACl (mL)      1  0,666760  0,666760  459,89  0,000
  Curvature      1  0,201512  0,201512  138,99  0,000
Error            8  0,011599  0,001450 
Total           11  0,935794 
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Figure 5-26: Effect of PACl addition at different calcium levels on 
the surface charge (SC) of the secondary floc, i.e. before polymer 
conditioning (SC determined with the colloid titration method). 
 
 
Table 5-17: ANOVA table for the surface charge of 
the secondary floc, i.e., before polymer conditioning. 
 
Effect of PACl and CaCl2 addition on the centrifugal dewatering 
 
The 12 compaction curves of the polymer conditioned sludge are presented in Figure 5-
27. The cake dryness derived from these curves at 20 kPa is depicted in Figure 5-28 as 
function of the Ca++ concentration in the water and the applied PACl dose. It is inferred 
from Figure 5-28 that both Ca++ (p = 0.00) and PACl (p = 0.00) doses have a significant 
effect on the cake dryness obtained after centrifugal compaction. Depending on the 
PACl dosing, the following can be inferred: (i) when no or medium PACl dosing is 
applied, an increase of free Ca++ in the water from 150 to 800 ppm increases the cake 
dryness from 17.5 to 19.0% DS. Further increase of the Ca++ concentration to 1000 ppm 
does not improve the cake dryness anymore; (ii) at the highest PACl dosing of 2.7 mL, 
a lower cake dryness is obtained from approx. 17.2% DS independently of the Ca++ 
concentration in the water. The enhancement of the sludge dewatering by an increase of 
the Ca++ in the water from 150 ppm to 800 ppm (at low/medium PACl dosing) confirms 
the earlier obtained results during the evaluation of the different polyelectrolytes (see 
Figure 5-14). In Section 5.5 the effect of the Ca++ ions will be discussed separately.  
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Figure 5-27: Compaction curves obtained for the DOE: effect of PACl  
addition at different calcium levels on the sludge centrifugal compaction. 
 
It is acknowledged that the coagulation mechanisms of PACl affect the floc 
characteristics (Lin et al., 2008a; Wang et al., 2009b) and, since the floc size and floc 
structure play a major role in the sludge dewatering process, the reduced dewatering in 
case of the highest PACl dosing could be found in here. As described in Section 2.3, at 
high PACl dosages into the water (i.e., 8 mg/L as Al, according to Lin et al., 2008), the 
Al13 species form extended, coiled aggregates of a few µm in size (Tang and Shi, 2002; 
Tang et al., 2004; Lin et al., 2008a, 2008c). The resulting sludge flocs, assembled by 
interparticle bridging due to adsorption of these larger Al13 clusters (see Figure 2-12 c), 
are bulkier, and have a loose structure that is less resilient to shear. This is well in 
accordance with the findings in the present study in that larger secondary flocs are 
formed (left side of Figure 5-21) with reduced floc strength for increasing PACl 
additions of 1.35 mL and 2.7 mL to 0.8 L sludge (left side of Figure 5-24), equivalent 
with, respectively, doses of 150 and 300 mg/L as Al. 
Moreover, the larger Al13 aggregates (compiled of Al13 polymers with their bound water 
ligands as depicted in Figure 2-7) will inherently entrap more (intrafloc) water on the 
surface of the secondary floc structure before these flocs are flocculated with the 
polyelectrolyte to obtain the final tertiary floc structure (Figure 5-23). It is suggested, 
based on the concept of the combined interfloc and intrafloc pore model (Saveyn et al., 
2008; Mota et al., 2008) that the increased intrafloc water partially explains the reduced 
centrifugal dewaterability with increased PACl addition, since this intrafloc water (in 
contrast to the bulk interfloc water in between the tertiary flocs) is relatively 
inaccessible, as schematically depicted in Figure 5-23.  
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The simultaneous partial dissolution of the sludge inorganic fraction at the higher PACl 
doses (further discussed in Paragraph 5.4.2) will be part of the explanation of the 
reduced dewaterability as well. 
 
 
Figure 5-28: Cake dryness at a compaction stress of 20 kPa as a function  
of the administered PACl dosing at different levels of calcium in the water. 
 
To obtain an overall assessment of the effect of the FSD related parameters (median floc 
size, floc strength and colloidal fraction) resulting from the different PACl and CaCl2 
additions on the centrifugal dewaterability, an overview is presented in Figure 5-29 for 
these parameters versus the cake dryness (with the cake dryness each time on the Y-
axis). The results confirm that the packing characteristics of the secondary flocs within 
the tertiary floc aggregate appear to play a more essential role than does the final 
tertiary floc characteristic in determining the sludge dewaterability as concluded by Wu 
et al. (2002). This is best observed by comparing the data of the medium (data in red) 
and high (data in green) PACl dosings, the latter characterized by a markedly lower 
cake dryness. The floc size (Figure 5-29 b) and strength (Figure 5-29 d) of the polymer-
induced tertiary flocs did not influence the cake dryness. In contrast, in case the tertiary 
flocs are composed of larger (Figure 5-29 a) and low shear resistant, loosely bound 
(Figure 5-29 c) secondary flocs, a reduced centrifugal dewaterability is observed for the 
tertiary flocs. It seems that once the secondary floc strength factor is below 95% (Figure 
5-29 c) the centrifugal dewaterability starts decreasing. This finding will be further 
substantiated with the additional tests in Paragraph 5.4.2. Finally, from the data in 
Figure 5-29 e and f it can be discerned that the colloidal fractions, in the ranges 
encountered here, did not have an impact on the cake dryness, best illustrated by 
comparing the mixtures with medium and high PACl dosages, as aforesaid.  
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Figure 5-29: Cake dryness (always at the Y-axis) as function of the 
median floc size (a, b), floc strength (c, d) and colloidal fraction (e, f); 
before (a, c, e) and after (b, d, f) polymer conditioning. 
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5.4.2 Additional studies including variations in inorganic fractions 
and Ca++ concentration 
 
Set up 
After the DOE, additional tests were conducted to further probe the effect of PACl 
addition on the sludge Ca++ content, the secondary floc strength and centrifugal 
dewaterability on three additional days. March 30, April 29 and May 18, 2010 were 
selected because they reflect the changes in Ca++ levels (650, 100 and 700 ppm 
respectively) in the Monsanto wastewater. This way, supplementary to the former DOE 
results, the effect of PACl addition could be verified for different sludge characteristics 
in terms of the sludge inorganic fraction. To further substantiate the effect of the PACl, 
these additional tests were executed now at five instead of two PACl doses: 0, 0.9, 1.8, 
2.7, 3.5 and 5.0 mL. 
 
Results and discussion 
 
Effect of PACl addition on the floc calcium content 
 
The loss of Ca++ from the floc structure into the surrounding water by the 
preconditioning of the sludge with PACl is presented in Figure 5-30 where the Ca++ 
concentration in the sludge’s water phase is shown as a function of the administered 
coagulant dosing (g PACl/kg MLSS). The Ca++ release from the flocs due to the PACl 
dosing is originating from the two Ca++ pools in the flocs, i.e., exchangeable (bridging) 
DCBT-Ca and Ca-solids as discussed in Section 4.3. 
As can be seen from Table 5-18, at a dosing of 1.8 mL PACl, the DCBT-Ca fraction 
(which was quantified to be 0.7 ± 0.1 meq/g VSS; see Section 4.3) was released from 
the flocs. The exchange of the DCBT-Ca fraction from the flocs is attributed to the 
smaller aluminium species present in the water, after addition of the PACl, which are 
small enough to diffuse inside the activated sludge flocs and to exchange the DCBT-Ca. 
The larger Al13 polymers and subsequent larger aggregates formed from a few µm in 
size will encounter steric hindrance and not diffuse into the flocs, but will be attached to 
the exterior surface of the flocs. Evidence theretofore is found in the observation that 
when PAX-XL19, characterized by an increased prepolymerization degree as depicted 
in Table 2-2, was added to sludge, none of the DCBT-Ca was released from the flocs 
whereas addition of the same amount of aluminium as PAX-14 (with a lower 
prepolymerization degree) does exchange the DCBT-Ca from the flocs. These results 
are presented in Paragraph 6.4.3.   
Further Ca++ release from the flocs at higher PACl doses into the surrounding water is 
attributed to the dissolution of Ca-solids due to the decrease of the pH when adding 
higher PACl volumes. The pH of the untreated raw sludge was 7.2 and was 
subsequently lowered at the beginning of the experiments to respectively 6.2, 5.8, 5.3, 
5.0 and 4.5 with increasing PACl dosings from 0.9, 1.8, 2.7, 3.5 and 5.0 mL. At a pH 
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higher than 5.5 no dissolution of Ca-solids from the floc structure was found to occur. 
The total Ca++ loss from the floc structure was significant, being 14%, 38% and 26% for 
the three days at the highest applied dosage of 5.0 mL (Table 5-18), which implies a 
significant dissolution of the enmeshed Ca-solids originally present in the raw sludge. 
Replacement of the hard CaCO3 crystals by soft (fluffy) PACl inorganic material 
(visualized below) will be part of the explanation for the observed reduction in 
centrifugal dewaterability at higher PACl dosages.  
 
 
Figure 5-30: Ca++ concentration in the water as a function of the administered PACl dose. 
 
 
Table 5-18: Calculation of the calcium release from the flocs as result of PACl addition. 
 
To verify the effect of PACl addition visually, 5 mL of PACl was added to an 
synthetically composed mixture of 0.8 L demineralized water and 8 g lab-grade CaCO3 
solids (in calcite crystal structure; Goossens, 2011) as depicted at the left side of Figure 
5-31. The mass of 8 g Ca-solids in 0.8 L water was chosen to be approximately equal to 
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the sludge inorganic mass that is present in the case of 0.8 L sludge (as used in the lab 
tests) with an MLSS of 20.000 mg/L and a sludge inorganic (mainly CaCO3) fraction of 
50%. The conductivity in the artificial mixture was brought to a comparable level as the 
conductivity of the tested sludge samples by adding NaCl, before the PACl was added. 
As can be observed from the right side of Figure 5-31, the addition of the PACl yielded 
a cloud of bulkier, spongy (swollen) material. Furthermore, this phenomenon is 
concordant with a prior (exploring) lab observation depicted in Figure 5-32: a markedly 
bulkier sludge was observed in the case a higher PACl volume (3.5 mL) was added to 
0.8 L sludge of August 21, 2009 characterized by an inorganic fraction of 58%. This 
corroborates, on macro-scale level, the finding of Lin et al. (2008a) on micron-scale 
level, that higher PACl dosages yield bulkier sludge flocs. 
 
 
Figure 5-31: Effect of PACl dosing to CaCO3 solids in water. At the  
left side, the CaCO3 solids are present as a thin layer at the bottom;  
at the right side, a cloudy-fluffy bulkier layer results after PACl addition.  
 
 
Figure 5-32: Effect of PACl dosing (from left to right: 0, 0.9, 1.8 and 3.5 mL to 0.8 L sludge) on 
the sludge volume after the conditioned sludge (incl. polymer) is allowed to settle for 15 minutes 
(i.e., stage 2 in Figure 3-1). A bulkier sludge results for the highest PACl dosing (sludge of 
August 21, 2009 with an inorganic fraction of 58%). 
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Effect of PACl addition on the secondary floc strength 
 
The secondary floc strength is reduced with increasing PACl doses, shown in Figure 5-
33, in conformity with the results of the prior executed DOE (left side of Figure 5-24). 
The sludge floc structure of April 29 (in red color) was more resilient to shear. The floc 
strength factor of this sludge was only reduced to approximately 95% starting from a 
dose of about 350 g PACl/kg MLSS whereas the floc strength factor at the two other 
test days (March 30 and May 18) was already reduced to 95% at a lower dosing of 
approximately 100 g PACl/kg MLSS. 
 
 
Figure 5-33: Effect of PACl addition on the secondary floc strength factor. 
 
Effect of PACl addition on the centrifugal compaction 
The 18 compaction curves are depicted in Figure 5-34, with the 6 curves (corresponding 
with 0, 0.9, 1.8, 2.7, 3.5 and 5.0 mL PACl dosage) clearly clustered together per test 
day. The highest cluster of compaction curves was obtained for the sludge of March 30, 
the lowest cluster for April 29 and the compaction behavior for the sludge of May 18 is 
situated in between. To limit the complexity of the figure, the PACl dosages are shown 
with the same color for the three days. The cake dryness at 20 kPa is depicted in Figure 
5-35 as function of the administered PACl dosing in g PACl/kg MLSS. In addition, the 
data obtained for the former DOE with sludge of January 2010 are included. 
In case of no PACl addition, the following can be inferred from Figure 5-35. The cake 
dryness was the highest by far on March 30 explained by the combination of a high 
sludge inorganic fraction (59%) and a high Ca++ concentration (~ 650 ppm) in the 
wastewater. The sludge dewaterability deteriorated markedly over a period of one 
month with approximately 4.5% DS (April 29) due to the lower sludge inorganic 
5004003002001000
100
95
90
85
80
g PACl/kg MLSS
Fl
oc
 s
tr
en
gt
h 
be
fo
re
 p
ol
ym
er
 a
dd
iti
on
 (
%
)
18/05/2010
29/04/2010
30/03/2010
4/01/2010 (D.O.E.)
6/01/2010 (D.O.E.)
date
Chapter 5b - Effect of the sludge conditioning on the sludge centrifugal dewatering 
 
 
149 
 
fraction (36%) and low Ca++ concentration (~ 100 ppm) in the wastewater. After Ca++ 
was supplied again to the wastewater during three weeks, the inorganic fraction 
increased to 42%, which, along with the higher Ca++ concentration of ~700 ppm in the 
wastewater, yielded an improved sludge centrifugal dewaterability again on May 18. 
The separate effect of an increased Ca++ concentration in the water for sludge with 30% 
inorganics is also shown in Figure 5-35 (DOE data).  
From the additional data obtained, it is inferred that with increasing PACl dosage, the 
centrifugal dewaterability (Figure 5-35) is reduced once a PACl dosing is added to the 
secondary flocs whereby the secondary floc strength factor is at a level of 95% and 
lower as depicted in Figure 5-33, corroborating the results of the prior executed DOE. 
The results evidence that the centrifugal dewaterability of the polymer-induced (tertiary) 
flocculi depends on the shear resistance of its building block secondary flocs, concurrent 
with the findings of Wu et al. (2002). 
 
Figure 5-34: Compaction curves obtained for sludge in the period March-
May 2010 for six administered PACl doses (0, 0.9, 1.8, 2.7, 3.5 and 5.0 mL). 
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Figure 5-35: Cake dryness at a compaction stress of 20 kPa as a function  
of the administered PACl dosing (including the results of the former DOE). 
 
5.4.3 Extended data base 
 
If we observe Figure 5-36 regarding the effect of the PACl dose on the cake dryness 
obtained for sludge before, as well as after the closure of the main Na+ and organic N 
supplying plant on site (since the end of 2010, as formerly discussed in Paragraph 
5.2.2), a striking feature can be discerned for the latter. Figure 5-36 confers to the PACl 
addition a role of decreasing the cake dryness for the ‘old’ sludge, and a role of 
increasing the cake dryness for the ’new’ sludge. Although the additional data gathered 
in the period before this plant closure conform with the data obtained with those of the 
aforediscussed DOE and additional tests (depicted as well in Figure 5-36), on the 
contrary, and interestingly, the opposite effect of the PACl dosing results for sludge 
grown since the plant closure (upper part of Figure 5-36). Preconditioning of the 
secondary sludge floc with PACl, even at the very low dose of 50 to 70 g PACl/kg 
MLSS, yields for the ‘new’ sludge a distinct higher (instead of lower) cake dryness of 
the finally (polymer induced) tertiary floc. At that low dosing, based on the data in 
Figure 5-33, no reduction of the secondary floc strength is expected that could account 
for an eventual reduction of the cake dryness, but this, obviously, does not explain the 
improved dewatering with this low PACl addition. 
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Figure 5-36: Cake dryness at a compaction stress of 20 kPa as a function  
of the administered PACl dosing (extended data base for 18 sludges). 
 
A plausible explanation for the marked difference in dewatering response to the PACl 
preconditioning is found in the SC of the obtained secondary flocs. The SC of the flocs 
is depicted in Figure 5-37 as a function of the administered PACl dose (i) per unit 
MLSS as such (left side); and (ii) per unit negative SC of the initially untreated flocs 
(right side). For instance, the untreated sludge of 18 March 2011 (with an inorganic 
fraction of 75%) was characterized by an SC of -0.4 meq/g MLVSS. Hence, a PACl 
dosing of 75 g PACl/kg MLSS as such (left side of Figure 5-37) is equal to [(0.075 g 
PACl/g MLSS)×(1 g MLSS/0.25 g MLVSS)×(1 g MLVSS/0.4 meq)] = 0.75 g 
PACl/meq surface charge (right side of Figure 5-37). The low PACl dose of 75 g 
PACl/kg MLSS induced the neutralization of the negative charges for the ‘new’ sludge 
flocs because of the lower volatile fraction (that carries the negative surface charges) of 
these flocs, which, furthermore, have additionally a less negative charge (-0.4 meq/g 
VSS) compared to the ‘old’ sludge flocs (-0.8 meq/g VSS).  
By analogy with the explanation provided earlier to account for the improved 
dewatering of the ‘new’ sludge (that is, even without PACl conditioning) compared to 
the ‘old’ sludge at the same inorganic fraction, as depicted in Figure 5-12, the improved 
dewatering in the case of the PACl preconditioning can be attributed to the resulting 
charge neutralization. The intrafloc water will be squeezed out the secondary flocs to a 
larger extent as result of the low repulsive forces prevailing inside these flocs.  
Besides, taking into account that the organic (EPS) fraction of activated sludge consists 
of negatively charged hydrophilic (i.e., hydrated) particles, swollen in water, the charge 
neutralization will also otherwise account for a part of the observed improvement in 
centrifugal dewatering after PACl preconditioning of the ‘new’ flocs. The SC is related 
to the ionizable functional groups present on the sludge surfaces and increases the polar 
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interactions of EPS with water molecules. Therefore, the less charged sludge floc 
surfaces, the higher the hydrophobicity (the lower the hydrophilicity) (Liao et al., 2001; 
Sponza, 2002, 2003) and the higher the cake dryness after dewatering, providing 
additional evidence for the observed increase in cake dryness for the PACl conditioned 
‘new’ flocs.  
In the literature, the concept of an anionic polymer gel is used by researchers to describe 
biological aggregates to some extent (Legrand et al., 1998; Keiding et al., 2001). 
Swelling of a gel, or alternatively biotic sludge, is the increase of sample volume by 
uptake of water to reduce the osmotic pressure difference between the gel (sludge) and 
the surrounding water, with the osmotic pressure existing due to the presence of charged 
surface groups and their counterions in the gel (sludge). This osmotic pressure accounts 
for a part of the needed solids stress during the centrifugal dewatering of biotic sludge 
(Curvers et al., 2009a, 2009b). The complexation of the EPS network with the smaller 
Al-species, added as well to the sludge via the PACl (PAX-14), takes place and gives 
rise to a continuous deswelling. The deswelling, promoted by small polyvalent cationic 
species (Legrand et al., 1998), is governed by an electrostatic complexation mechanism 
with an overall neutralization (in the case of the new sludge) of the negative SC as 
shown in Figure 5-37. Moreover, Legrand et al. (1998) proposed even the term of a 
collapsed state obtained for an anionic gel around its overall charge neutralization due 
to the dosing of oppositely charged cations, to indicate the fully deswollen state of the 
gel. 
 
 
Figure 5-37: Surface charge (SC) of the secondary sludge flocs, i.e., before polymer 
conditioning, as a function of the ratio of (i) the applied polyaluminiumchloride (PACl) per 
unit MLSS (left) and (ii) the applied PACl per unit SC of the untreated sludge (right side). 
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dewatering was investigated thoroughly during a 4-days testing. More specifically, the 
first 2 days (on March 10-11), the compaction curves were obtained for the sludge as 
such, whereas the next 2 days (on March 12-13) the compaction behavior of the sludge 
was studied after adding CaCl2 to the sludge to elevate the Ca++ concentration to a level 
of ~ 1000 ppm in the water. The sludge was characterized by an inorganic fraction of 
61% and an SVI of 40 mL/g. Every day, 4 spin tubes were spun and analyzed to allow 
statistical analysis of the data, which will be performed here together with the data 
obtained from former discussed experiments.  
 
 
Figure 5-38: Compaction curves obtained for sludge from March 10-13, 2009 
(inorganic fraction of 61%) during a Ca++ depletion period in the WWTP (lower 
cluster of data) and after addition of CaCl2 in the lab to elevate the Ca++ concentration 
to ~ 1000 ppm (upper cluster of data). 
 
The 16 compaction curves are presented in Figure 5-38. The 8 compaction curves at the 
elevated Ca++ concentration are clearly clustered around an average compaction curve 
(in dotted line) which is situated wel above the curves at the low Ca++ level. The data 
corroborate the enhancement of the centrifugal dewatering as result of the Ca++ in the 
water, as demonstrated before in Figure 5-14 and 5-28. Below, in addition to the data 
obtained in March 2009, the data of Figure 5-14 will be used (for polymer P1, used for 
the other tests as well, in the range from 17 to 25 kg a.s./ton DS), and also the data 
presented in Figure 5-28 in the case of no or low PACl dosing for the lowest and highest 
Ca++ concentration from whereon the sludge cake reached its maximum achievable 
dryness.  
 
Discussion 
 
An increased Ca++ concentration from a level of 100 to 1000 ppm in the water enhances 
the sludge centrifugal dewatering as can be discerned from Figure 5-39, increasing the 
‐1
‐0,95
‐0,9
‐0,85
‐0,8
‐0,75
‐0,7
‐0,65
‐0,6
‐0,55
‐0,5
0,8 0,9 1 1,1 1,2 1,3 1,4 1,5 1,6 1,7 1,8 1,9 2
lo
g %
D
S
log Ps [kPa]
March 10: tube 1
March 10: tube 2
March 10: tube 3
March 10: tube 4
March 11: tube 1
March 11: tube 2
March 11: tube 3
March 11: tube 4
March 12: tube 1
March 12: tube 2
March 12: tube 3
March 12: tube 4
March 13: tube 1
March 13: tube 2
March 13: tube 3
March 13: tube 4
Ca++ depletion from the 
water (~100 ppm)
high Ca++ concentration in the 
water (~1000 ppm)
Chapter 5b - Effect of the sludge conditioning on the sludge centrifugal dewatering 
 
 
154 
 
cake dryness at a compaction stress of 20 kPa with 1.5 to 2.5% DS. Based on Figure 5-
28 it was concluded that the maximum achievable cake dryness is already achieved 
around 800 ppm Ca++, with a further increase of these divalent cations yielding no 
additional benefit. For completeness, the ANOVA Table 5-19 indicates that 97% of the 
total observed variation in cake dryness shown in Figure 5-39 is explained, with 29% 
being explained by the variation in the Ca++ concentration and 68% by the sludge 
inorganic fraction, both variables clearly having a statistical significant effect on the 
cake dryness (p = 0.00).  
 
 
 
Figure 5-39: Cake dryness (95% CI) obtained for sludge with 30, 49 and 61%  
inorganic fraction, at a low (~ 100 ppm) and high (~ 1000 ppm) Ca++ level in the water. 
 
 
 
Table 5-19: ANOVA table for the effect of the [Ca++] level in the water and 
the inorganic fraction on the cake dryness at 20 kPa (data of Figure 5-39). 
 
The results of this study prove that Ca++ conditioning enhances the sludge centrifugal 
dewatering on a short term, which can be attributed to the flocculating ability of the 
Ca++ ions (referred to as the DCBT-Ca fraction; see Section 4.3) bridging the flocs to 
lead to a stronger, shear resistant floc in conformity with other research. It is argued that 
this Ca++ fortification (as it is called by Subramanian et al., 2010) or stabilization (a 
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term used by Higgins and Novak, 1997b; Higgins et al., 2004a, 2004b) of the sludge 
matrix enhances the sludge compaction as result of a more rigid floc structure that 
remains to some extent more porous during compaction. This allows the water to 
percolate out of the compacting cake to a higher extent. Cousin and Ganczarczyk (1999) 
inferred from floc porosity measurements that a stable internal sludge floc structure is 
achieved when Ca++ is added to sludge. The better mechanical properties of a biofilm 
with increasing Ca++ concentration was differently demonstrated by Körstgens et al. 
(2001) by means of compression measurements, with the existence of a certain 
(minimum) critical Ca++ concentration from whereon the mechanical stability remains 
constant; and Ren et al. (2008) have shown that Ca++-rich sludge granules have a 
significantly higher shear strength and higher compressive strength compared to 
granules with a low Ca++-content. 
The reduction of the repulsive forces (less negative SC as shown in Figure 5-26) in the 
interior (core) of the sludge floc, which allows more intrafloc water to be squeezed out 
of the sludge, provides an additional explanation for the improved dewatering after Ca++ 
conditioning.   
It is worthwhile to emphasize that the Ca++ addition to the sludge is featured by an 
almost immediate effect on the centrifugal dewatering, which is attributed to the ion 
exchange mechanism. From Figure 4-10, indeed, the ion exchange on the sludge flocs is 
a matter of minutes, since the exchange of the DCBT-Ca fraction (from the flocs, by 
exchange with Al+++ ions in these experiments) was shown to be already accomplished 
(at least) within 15 minutes. The immediate effect of the Ca++ ions was also explicitly 
demonstrated by other researchers, e.g., by the on-line floc size measurements of Cousin 
and Ganczarczyk (1999), and Biggs et al. (2001). 
Next to its short term effect on the centrifugal dewatering, Ca++ ions in the wastewater 
can have an additional effect, and even much more pronounced, on the sludge 
dewatering on the long term. By the incorporation over time of (spontaneously) 
precipitating Ca-solids (CaCO3) from the water into the sludge matrix, the centrifugal 
dewatering is significantly enhanced as a result of the higher sludge inorganic fraction, 
which is demonstrated to be of paramount importance for the centrifugal dewatering as 
depicted in Figure 5-12. Artificial addition of lime solids to sludge ahead of a decanter 
centrifuge, to act as a skeleton builder during centrifugal compaction of the sludge, has 
proven its benefit at full scale as well (Denkert and Retter, 1993). 
 
5.6 Conclusion 
The dewatering of activated sludge, at full scale accomplished with a decanter 
centrifuge, has been studied extensively on lab scale with the centrifugal compaction 
test. Roughly 500 compaction curves were obtained over a period of 4 years to gain 
insight in the factors ruling the centrifugal dewatering of the activated sludge at the 
Monsanto Antwerp WWTP. Conclusively, it is inferred that the cake dryness obtained 
after centrifugal dewatering is governed by following parameters:  
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(i) the compaction stress Ps (determined by the rotational speed, the amount 
(mass) and density of the solids) acting on the solids structure in the cake: a 
higher Ps yields a higher cake dryness (e.g., an increase of Ps from 5 to 20 kPa 
increases the cake dryness with a factor of about 1.3) up to a certain Ps 
(depending on the sludge composition) from whereon further increase thereof 
results in only diminishing to no increase in dryness, which is an atypical 
behavior with compressible biosolids. The dewatering in this study was 
consistently compared at 20 kPa; 
(ii) the centrifugation (compaction) time: a higher cake dryness results from a 
longer compaction time until the maximum attainable dryness is obtained when 
the dynamic sludge compaction process has reached equilibrium. It was, e.g., 
demonstrated that for one particular sludge the dryness increased from about 
20 to 22% DS after 15 minutes, attaining 24.5% DS after 45 minutes. For the 
rest of this research, the sludge was always centrifuged for 45 minutes; 
(iii) the polyelectrolyte conditioning: a higher polyelectrolyte dosing yields a 
higher cake dryness up to a dose of about 17 kg a.s./ton DS from whereon the 
maximum attainable dryness (plateau) is reached. A higher degree of 
polyelectrolyte structure and charge density improves the dryness as well. The 
same polymer was always used in the continuation of the research at a dose 
beyond the minimal 17 kg a.s./ton DS;  
(iv) the sludge inorganic (CaCO3) fraction: the presence of a higher inorganic 
CaCO3 fraction has a huge increasing effect on the cake dryness. An increase, 
e.g., from 30 to 70% inorganic fraction increases the cake dryness from 16.7 to 
27.9% DS on average. A striking feature is that beyond an inorganic fraction of 
about 55% (corresponding with about 20% DS), the cake dryness increases 
with a steep slope with higher inorganic fractions; 
(v) the clay conditioning: up to a sludge inorganic fraction of about 55%, the cake 
dryness on lab scale can be controlled around a baseline of 20% DS by 
decreasing the clay dosing from 0.3 to 0.1 kg clay/kg MLSS (respectively 
referred to as a high and low clay dosing) for sludge with an increasing 
(natural) sludge inorganic fraction, and vice versa; 
(vi) the Ca++ concentration in the water:  an elevation of the Ca++ concentration in 
the wastewater from about 100 to 800 ppm increases the cake dryness with 1.5 
to 2.5% DS; 
(vii) the PACl conditioning:  
 for sludge grown in the years before the end of 2010 (closure of the 
main Na+ and organic N supplying plant to the WWTP), the direct 
PACl conditioning resulted in a decrease of the cake dryness once the 
floc strength of the (after PACl dosing obtained) secondary floc was 
lower than 95%. At a dose of 100 g PACl/kg MLSS a (maximal) 
reduction in cake dryness with 1% DS was demonstrated; 
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 for sludge grown since the beginning of 2011, however, an 
improvement of 2.5% DS is observed at the same small dose of 100 g 
PACl/kg MLSS;  
 
The central role of the two Ca++ pools in the sludge floc structure, schematically 
depicted in Figure 4-14, is furthermore confirmed through their effect on the centrifugal 
dewatering, on a short term as wel as on a long term, via respectively the DCBT-Ca 
fraction and the Ca-solids fraction. In particular the progressive build-up of increasing 
crystalline CaCO3 amounts within the sludge matrix is of utmost importance for the 
dewatering efficiency of the sludge in the decanter centrifuge of the Centridry® 
installation. 
 
It is a truism that sludge dewatering is a complex unit operation, which should be not 
surprising since the complex nature of the sludge itself. The suggested concept by 
Saveyn et al. (2008) with the existence of intrafloc water (i.e., water entrapped within 
the secondary floc) and interfloc water (i.e., water in between the tertiary flocs, the latter 
obtained after final polyelectrolyte conditioning of the secondary flocs) provides a 
sludge picture that helps explaining the findings in this study as summarized below.  
Once a well formed tertiary floc is obtained with the minimum required polyelectrolyte 
dose, the interfloc water in between these larger tertiary flocs will be removed 
efficiently mainly during the initial filtration stage of the centrifugal dewatering. At that 
moment, this bulk water will percolate through the interfloc channels, situated outside 
the (with cationic polymer) neutralized tertiary flocs. In the next compaction stage, 
remaining interfloc and intrafloc water is squeezed out from the sludge matrix, with the 
intrafloc pores gaining more importance in terms of drainage channels for the expressed 
water. At that moment, the efficiency of the dewatering depends on the condition of the 
secondary flocs to obtain a higher cake dryness: (i) in the case of more incompressible 
but drainable CaCO3 crystals, or, alternatively, clay solids, built in within the secondary 
floc structure, the more (or, the longer) rigid and porous the compacting cake remains to 
evacuate the expressed water; (ii) in the case of a secondary floc which is appropriately 
resilient to mechanical stress (in case of Ca++ conditioning of the secondary flocs), the 
intrafloc channels will remain longer porous for water to leave the consolidating cake. 
On the contrary, a loose secondary floc structure (in case of higher PACl doses) the 
consolidating cake will clog at an earlier state, hampering further water evacuation from 
the cake; (iii) a secondary floc with a lower negative surface charge will allow further 
compaction as a result of lower repulsive forces. Because the core (the internal surfaces) 
of the secondary floc is less available for charge neutralization during the 
polyelectrolyte conditioning (which mainly acts on the external surface of the secondary 
floc), the negative charge at the interior of the secondary floc depends on the sludge 
itself (e.g., a higher ratio of carbohydrates to proteins comprising the EPS matrix, 
yielding a less negative floc surface; providing a plausible explanation for the 
exceptional compactability of the sludge grown since the beginning of 2011). Ca++ 
conditioning of the secondary sludge flocs results in a less negative surface charge, this 
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way improving the dewaterability; (iv) more bound (hydration) water associated with 
the solids of the secondary flocs will, obviously, contribute to a lower cake dryness (in 
the case of higher PACl doses).     
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Chapter 6  
 
Mapping of the sludge’s sticky phase 
 
This chapter is entirely devoted to the sticky phase of activated sludge. In Section 6.1, a 
new lab protocol is introduced to map the sticky phase, and in Section 6.2, the 
mechanism for the existence of the sticky phase is proposed. Next, the role of the sludge 
inorganic fraction on the sticky behavior is discussed in Section 6.3 (and in extension, 
also in Section 6.5). The effect of sludge conditioning with polyaluminiumchloride is 
investigated in Section 6.4 and the mechanism for its intriguing sludge stickiness 
reduction is proposed.  
The here presented work is published as: 
 Peeters, B., Dewil, R., Van Impe, J.F., Vernimmen, L., Smets, I.Y. (2011). 
Reduction of the stickiness of activated sludge by polyaluminiumchloride 
conditioning, In preparation. 
 Peeters, B., Dewil, R., Van Impe, J.F., Vernimmen, L., Smets I.Y. (2011). 
Using a shear test-based lab protocol to map the sticky phase of activated 
sludge, Environmental Engineering Science 28, 81-85. 
 
6.1 Shear test-based lab protocol to map the sticky phase 
The method of shear testing is widely applied in powder technology for the design of 
storage bins, silos and hoppers, gravity flow blenders, chutes, feeders and pneumatic 
conveying systems (Carson and Wilms, 2006). It was originally developed by Jenike in 
1964 as part of the general formalism for silo design (Jenike, 1964) and has since 
become the industry standard for characterizing the flow properties of powders. 
Although some authors already described the method of shear testing in characterizing 
powder stickiness during drying (Papadakis and Bahu, 1992), this chapter presents its 
first use outside the world of powder handling, and, moreover, the first time in the field 
of sludge drying to map the sludge consistency changes in the whole range of solids 
dryness. 
The conditioned sludge (as described in Section 3.3) typically has a dryness of 10 to 
15% DS. Samples with higher dry solid concentrations are obtained by drying 40 g of 
sludge (initially at 10 to 15% DS) in a lab drying furnace (T5028, Heraeus) at 100 °C 
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until the (for the shear test) desired dryness is obtained. The dried sample is firstly 
homogenized with a mortar and pestle before being used in the shear test. 
A schematic diagram of the shear testing device is presented in Figure 6-1 and the 
photograph at the left side of Figure 6-2 depicts the main components. The numbers 
between parentheses refer to Figure 6-1. First, conditioned sludge (2) is put in the open 
(hollow) steel cylinder (3) which is placed on the left side of the stainless steel surface 
(1), i.e., the starting position of the cylinder for the test. This open cylinder has an 
internal diameter of 5.5 cm and a height of 10 cm, and is further characterized by a 
weight of 388 gram and a wall thickness of 2.5 mm. Sludge (approximately 15 g) is 
brought into this open cylinder and uniformly distributed over the circular surface. Next, 
the sludge is consolidated during 1 minute on the stainless steel surface by means of a 
massive cylinder (4, in position A) of 2.2 kg which fits, with its external diameter of 5.3 
cm, closely in the open cylinder. In this way a normal stress of 9.1 kPa is applied which 
presses the sludge onto the steel surface, inducing adhesion of the sludge to the steel 
surface. The open cylinder is connected by the flexible steel cable (5) and the small 
wheel (6) to the recipient (7) which is used to increase the shear stress on the sludge. 
The purpose of the wheel is to redirect the flexible steel cable in a vertical direction. 
Initially, the recipient is filled with small weights equivalent to a weight of 100 g and 
hangs freely in the air, next to the lab table. Then, the massive (pre-consolidation) 
cylinder is removed from the sludge sample (4, in position B). From that moment on, 
small weights of approximately 3 g each are introduced approximately every 5 s into the 
recipient until the open cylinder containing the activated sludge starts sliding over the 
steel surface and finally reaches the final mark on this surface (open cylinder indicated 
in Figure 6-1 as 3’). Once the cylinder starts sliding, the addition of weights is stopped 
(in the recipient indicated as 7’) and the total weight M (kg) of the recipient is recorded. 
After the first test, the open cylinder is placed back in the start position (3) and the 
sludge sample (depicted at the right side of Figure 6-2) is made loose, gently mixed 
with a laboratory spoon in the open cylinder itself (typically during 20 seconds), and 
again distributed uniformly over the circular contact surface as was done during the first 
trial with this sample. The procedure is repeated again as described above, for the 
second time. A third trial is also performed to get 3 repeats of the shear test for the same 
sample. Finally, the shear stress τ (N/m²) that is needed to cause slipping of the 
consolidated sludge is calculated for every repeat and plotted as function of the sludge 
dryness: 
 
A
gM *   (6-1) 
with 
M = weight needed to cause slipping of the sludge over the steel surface (kg); 
g = acceleration due to gravity (9.81 m/s²); 
A = circular contact surface between sludge and steel surface (2.38 * 10-3 m²). 
 
It must be mentioned that the measured (minimum required) shear stress τ for the 
consolidated sludge to start slipping resembles the yield stress used in rheology, defined 
as the (minimum required) shear stress for the sludge to start flowing (Seyssiecq et al., 
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2003), a typical characteristic for concentrated sludge as outlined in Section 2.2. The 
measured shear stress τ is similar, but not equal, to the yield strength, since the former is 
a measure for the adhesion of the sludge onto the steel surface (interfacial property), 
whereas the latter is a cohesion characteristic (internal property of material).  
It can not be fully excluded that, because of the adhesion of the sludge onto the steel 
surface, the material may partly shear internally leaving here and there a (yet, for the 
eye invisible) thin layer of sludge residue on the surface. In this context, Adhikari et al. 
(2001) describe the completely clean failure of the adhesive and the contact surface as 
an adhesive failure (no residue at all left on the surface), while the failure within the 
adhesive is described as a cohesive failure (leaving residue on the surface). Since the 
execution of the test resulted in a clean failure of the consolidated sludge (no visible 
residue left on the steel surface), the shear stress τ is a measure for the adhesive forces 
of the sludge onto the contact surface. 
 
 
 
Figure 6-1: Scheme of the shear test. 1: stainless steel surface; 2: activated 
sludge sample; 3: open cylinder in begin position; 3’ open cylinder in end 
position; 4: massive cylinder; 5: flexible steel wire; 6: small wheel; 7: 
recipient to contain weights in begin position; 7’: recipient in end position; 
8: small weights. The massive cylinder (4) is brought in position A to 
consolidate initially the activated sludge on the stainless steel surface, and 
then brought into position B afterwards. 
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Figure 6-2: Open cylinder that contains the sludge sample to be tested and the massive (pre-
consolidation) cylinder (photo at the left). A tested sludge sample is shown at the right side, after 
finalizing the test. 
 
6.2 The sticky phase of sludge 
The mapping of the sticky phase of the Monsanto sludge (conditioned as described in 
Section 3.3) was performed twice in one week, with sludge of October 5 and 12, 2009, 
characterized by an SVI and inorganic fraction of 50 mL/g and 51%, respectively. In 
Figure 6-3 the individual data are depicted, as well as the 95% confidence interval of the 
average shear stress obtained for a certain solids dryness. The lines are to guide the eye. 
It can be discerned from the three consecutive repeats of every sludge sample that the 
repeatability of the test is very good. The three repeats have no significant effect (p = 
0.20) on the obtained shear stress, that is, the shearing history of the same sample due to 
the first and second execution of the test did not influence the result of the second and 
third repeat in a systematic way. Furthermore, an ANOVA performed on the data of 
October 5 revealed that 98% of the variation in the shear stress is explained by the 
variation in sludge dryness; for the data of October 12, this number amounts to 96%.  
The shear stress τ needed to cause slippage of the sludge over the steel surface varied 
between 600 and 1700 Pa. At low sludge dryness (still wet sludge), only a low shear 
stress is needed to make the sludge slip over the steel surface (750 Pa at the lowest 
dryness tested being 10% DS). With increasing dryness, the sludge shows increasing 
resistance to movement over the surface until it clearly exhibits the most sticky behavior 
when partially dried in the range from 25 to 40% DS. In this region of dryness, the 
sludge turns into a sticky, plastic-rubbery phase and the shear stress needed in this 
region to cause slipping is approximately 1700 Pa and 1550 Pa for October 5 and 12, 
respectively. Beyond the 40% dryness, the sludge’s resistance to slip over the surface 
decreases again with increasing dryness, first with a steep slope until a dryness of 50% 
DS (crumbly material) and finally with a smooth slope until 100% dry-dust granular 
sludge solids are obtained. 
The most remarkable observation is that relatively small changes in the sludge dryness 
in the neighborhood of the sticky region, characterized by the 25-40% DS range for this 
sludge under study, have a pronounced effect on the shear stress. This phenomenon of 
drying activated sludge was also well demonstrated by Ferrasse et al. (2002), Kudra 
Massive (pre‐consolidation) cylinder
Open cylinder that contains sludge
flexible steel wire
Stainless steel surface
After execution of test
Used sludge sample
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(2003) and Arlabosse et al. (2004) using a continuous torque measurement device on 
agitated activated sludge while being dried. This pronounced sensitivity of the sludge’s 
physical state on the solids dryness makes drying of sludge rather cumbersome. The 
Monsanto sludge dryer is specifically sensitive for this problem, because the sticky 
phase of the sludge occurs already at a solids dryness close to the dryness (20 to 25% 
DS) of the solids entering the flash drying step (where the sludge solids immediately 
start drying and inherently pass through the sticky phase).  
Hence, already anticipating to the next Chapter 7, it will not be surprising (considering 
Figure 6-3) that the control of the solids dryness obtained after the centrifugal 
dewatering stage of the Monsanto Centridry® installation will be an important feature to 
mitigate or avoid drying sludge sticking to the walls at the early stage of the flash dryer.   
 
 
Figure 6-3: Mapping of the sticky phase of activated sludge (blue data: October 5, 
2009; green data: October 12, 2009) (95% CI for the mean; lines are to guide the eye). 
 
Proposed mechanism for the existence of the sticky phase in relation to the 
physical sludge properties 
 
The starting point to delineate the existence of the stickiness phenomenon of drying 
sludge, and, hence, to explain the observed course of the data in Figure 6-3, is the 
sludge floc model whereby sludge is considered as a consortium of bacteria inserted in a 
matrix of EPS (Mikkelsen et al., 2002). The EPS form a gel-like framework of 
extracellular polymeric molecules covering the bacteria cell surfaces (Wilén and Lant, 
2003; Wang et al., 2006), gluing or sticking together the individual bacteria and other 
particles, a process also referred to as biological agglutination (Spellman, 2000). It is 
acknowledged that EPS perform an important role in defining the physical 
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characteristics of activated sludge, including its adhesiveness causing sludge to adhere 
to contact surfaces, like for instance onto membrane surfaces (Le Clech et al., 2006; 
Yeo et al., 2007). Previous work has shown that the sludge viscosity is lower when EPS 
are extracted from the flocs (Sanin, 2002), demonstrating the relationship between the 
EPS quantity and viscosity. The effect EPS have is thought to be largely due to the 
viscosifying and gel-forming properties of these polymers, like proteins and 
polysaccharides (Sutherland, 2001; Seviour et al., 2009). Gelation is a common feature 
of water-soluble polysaccharides and proteins (Conn et al., 1987; Sutherland, 2001). 
Gels form due to cross-links between the biopolymers on the exterior of the bacteria, 
creating a physical entangled network of polymers (Mikkelsen and Nielsen, 2001). Next 
to this physical entanglement mechanism, gelation results as well due to (i) interchain or 
intrachain hydrogen bonding through the water molecules of the hydrated (swollen) 
biopolymers (hydrogels), or (ii) electrostatic forces between oppositely charged 
functional groups on the polymers. In biological systems, the adhesiveness will be 
dependent on noncovalent interactions opposed to the industrial adhesives (glues), 
which rely on the stronger covalent bonding (Becerra, 2010). As a matter of fact, the 
physicochemical properties of the proteins and polysaccharides make them potentially 
suitable for the commercial production of biological adhesives (Banat et al., 2000; 
Sutherland, 2001; Haag, 2006; Becerra, 2010; Pervaiz and Sain, 2011), whereas, unlike 
this potential profitable application, the same substances will cause operational 
problems in industrial sludge handling installations due to the same gluey properties. It 
is their unique characteristics that are under scrutiny in an effort to develop 
biomimicking adhesives, based on, for instance, adhesives produced by algae (Bitton 
and Bianco-Peled, 2008) or mollusks (Pawlicki et al., 2004), as well as WAS which is 
considered more and more as a renewable feedstock to address the growing need for 
natural, bio-based products to produce adhesives (see, e.g., Becerra, 2010; Pervaiz and 
Sain, 2011).  
Furthermore, prior to start discussing the shape of the curve depicted in Figure 6-3, the 
investigation by Pawlicki et al. (2004) is noteworthy to mention here. The effect of 
molluscan glue proteins on gel mechanics was investigated by adding specific proteins 
(from the excreted mucus by these organisms) to anionic polymers. It was found that 
these glue proteins can markedly stiffen (increase the rigidity of) polysaccharide 
solutions, depending on the concentration. It was noted by these researchers that this 
type of concentration dependency is not unusual for an adhesive, since in commercial 
adhesives with two components there is often an optimum range to obtain the best gluey 
performance. Besides, they inferred that the glue proteins, with their charged regions, 
worked best on charged polymers which is attributed to the glue proteins serving as 
cross-linkers of large ionic polymers. Another notable observation by the same 
researchers is that it is only in concert with the other gel-forming polymers that an effect 
of the proteins is seen, in conformity with the fact that most polymer adhesives require 
cross-linkage to form effective glues (Pawlicki et al., 2004). Furthermore, in addition to 
their gel-stiffening effect, it was observed that the glue proteins resulted in an increase 
in the ability to wet a surface, forming a thin film that stayed spread on the surface, 
while other solutions beaded up, which makes sence, since an adhesive must be able to 
Chapter 6 - Mapping of the sludge’s sticky phase 
 
165 
 
bind to the contact surface (Pawlicki et al., 2004), which is only possible when de 
adhesive has a good spreadability to the interface (Adhikari et al., 2001). 
Taking into account the aforementioned, we now return to the Figure 6-3 which confers 
on the sludge dryness content (or, inversely, the moisture content) a role of paramount 
importance in determining the stickiness behavior of drying activated sludge, with three 
distinct regions, which we propose to explain as follows:  
(i) the increase of the shear stress in the range from 10 to 25% DS is proposed to 
be the result of the formation of a denser, stronger and stiffer rigid polymer 
network during the gradual reduction in water content (Dentel, 1997; Seyssiecq 
et al., 2003; Spinosa and Lotito, 2003; Spinosa and Wichmann, 2004; Baudez 
et al., 2004) which will increase the adhesiveness of the sludge onto the contact 
surface. Notably the study of Wichmann and Riehl (1997) is worthwhile to be 
mentioned here, since they showed the existence of a relation between a higher 
dry solid content of mineral sludges and a higher shear strength, using a vane 
shear apparatus, for (in the literature, rarely found) dense sludge suspensions 
up to 60% DS;  
(ii) in the range from 25 to 40% DS, the three-dimensional interconnected 
structure of the EPS network is not affected anymore, in that the 
polysaccharides and proteins have achieved their strongest possible 
configuration while still water is further removed from this formed polymer 
structure. The strong EPS matrix glued onto the surface is capable to withstand 
the maximum allowable shear stress due to its built-up plasticity, reflected in 
the highest attainable shear stress needed to let the sample start slipping. The 
sludge’s physical consistency resembles that of a plastic, pasty, sticky material;    
(iii) beyond the dryness of about 40% DS, the reduced adhesiveness is proposed to 
be the result of the increased viscosity of the viscoplastic material. The water 
content in the sludge is gradually lowered which causes the viscosity to 
increase to such an extent that the drying sludge solids will not spread out on 
the contact surface to the same extent, developing voids in the bond-surface, 
this way reducing the adhesiveness. Viscosity is a key factor in determining the 
contact angle (the affinity) between the adhesive and the contact surface, with 
a higher viscosity yielding a larger contact angle, and, hence a reduced 
wettability reflected in a reduced adherence (Zhang, 2008). Simmilarly, it was 
found by Becerra (2010) that the adhesive strength of formulations decreased 
markedly due to (or, despite of) the doubling of the biopolymers concentration 
from 15 to 30% w/w which was attributed to the increased viscosity. 
Comparable observations are reported, though at much lower concentrations, 
by Pawlicki et al. (2004) and Bitton and Bianco-Peled (2008), the latter 
ascribing the adhesion reducing effect of an increased (alginate) concentration 
to the increased viscosity causing the formation of defects at the glue/material 
interface. Also Ohashi and Harada (1996) concluded that the proportion of 
cavity (i.e., the biofilm-absent area) formed at a biofilm-substratum interface is 
a very crucial factor in the decrease of the adhesion strength. They concluded 
that a reduction in attachment area due to cavity formation in a biofilm is not 
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proportionally related to loss of adhesion strength, but, instead, a drastic 
decline of adhesion strength is observed when the cavity area reached only 
20% (Ohashi and Harada, 1996). These findings show analogy with the abrupt 
deterioration of the sludge stickiness observed in Figure 6-3 as a result of a 
relatively minor increase of the solids dryness beyond 40% DS for the sludge 
under study.  
 
6.3 The stickiness at 30% DS: effect of the sludge inorganic 
fraction 
After the complete mapping of the stickiness of Monsanto’s sludge at the end of 2009, 
as depicted in Figure 6-3, it was decided to follow up the stickiness on a regular basis 
only at 30 ± 1% DS to restrict the analytical work. The 30% DS was chosen as a 
reference because it is situated in the range of dryness in which the sludge (tested at the 
end of 2009) exhibited its most sticky behavior. In total 8 different sludges were tested 
with an inorganic fraction ranging from about 50 to 60% in the year 2010 (before 
closure of the main Na+ and N supplying plant on site). This follow-up was aimed at 
elucidating the possible effect of the sludge inorganic fraction, as a key sludge 
characteristic, on the stickiness of the sludge.   
From the data depicted in Figure 6-4 it can be discerned that the needed shear stress, for 
the sludge with a dryness of 30% DS to start slipping, decreased from a level of 1600-
1700 Pa to a level of 1350 Pa when the sludge inorganic fraction increased from about 
52 to 62% DS. 
 
 
 
Figure 6-4: Stickiness (shear stress) versus the sludge inorganic fraction at 30 ± 1% DS. 
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It can be argued that the reduced stickiness at the 30% DS for higher sludge inorganic 
fractions can be attributed to a shift of the sludge’s “stickiness curve” as a whole, as 
schematically depicted in Figure 6-5. Emerging evidence for this assumption will be 
provided in Section 6.5. As the sludge organic fraction and, hence, the EPS fraction of 
the sludge decreases with increasing sludge inorganic fraction, it can be expected that 
the same physical properties will be experienced at higher dryness. The lower amount of 
biopolymers per unit MLSS requires a higher dryness (or: lower water content) to 
exhibit the same viscoplastic behavior compared to sludge characterized by a higher 
biopolymer concentration. The dependency of the sludge consistency on the sludge 
composition is also shown by Ruiz et al. (2007; 2010) by using soil mechanics trials. 
The data presented in Figure 6-6, adapted from Ruiz et al. (2010), show that the 
transition from liquid to sticky consistency, and subsequently from sticky to solid, shifts 
to higher dryness in the case of higher sludge inorganic fractions in conformity with the 
proposed conceptual scheme of stickiness depicted in Figure 6-5. 
 
 
Figure 6-5: Conceptual scheme of stickiness 
behavior for sludge with a higher inorganic fraction. 
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Figure 6-6: Consistency changes of a particular sludge during 
dewatering-drying process versus the sludge inorganic fraction, 
determined by soil mechanics trials (adapted from Ruiz et al., 2010). 
 
 
6.4 Effect of PACl conditioning 
On June 8, 2010, the complete mapping of the sludge sticky phase was performed again 
to serve as a reference for the next experiments with PACl conditioned sludge. The 
sludge at that moment was characterized by an SVI of 32 mL/g and an inorganic 
fraction of 53%. Two days later, to assure the same sludge properties, the effect of PACl 
preconditioning (always PAX-14, except for the experiments in Paragraph 6.4.3) was 
verified on the sticky phase. To this end, a dose of 350 g PACl/g MLSS was used. This 
was the very first time that the effect of PACl conditioning on the sludge stickiness 
phenomenon was verified. Because of its marked effect, the same test was repeated two 
weeks later on June 23. 
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Figure 6-7: Mapping of the sticky phase of activated sludge without 
Polyaluminiumchloride (PACl) preconditioning (green data; June 8, 2010) and with 
350 g PACl/kg MLSS preconditioning (orange and blue data, on June 10 and 23, 
respectively) (95% CI for the mean; lines are to guide the eye). 
 
Figure 6-7 confers on the PACl preconditioning a role of reducing, almost eliminating 
the sludge’s intrinsic stickiness. The sticky behavior of the untreated sludge (without 
PACl; data in green) follows a comparable course as the one depicted in Figure 6-3, 
with a clear distinguished sticky phase in the range from about 25 to 40% DS. The 
significant drop in shear stress needed for the sludge with a dryness of 43% DS 
compared to the sludge with a 38% DS is again remarkable, as mentioned above. 
Opposed to the untreated sludge, the PACl treated sludge (data in orange) shows a 
distinguished behavior. Up to a dryness of about 18% DS, the shear stress needed to 
start slipping on the steel surface for the untreated and PACl treated sludge is 
comparable. However, starting from a dryness of about 20% DS the stickiness curves 
bifurcate. Instead of showing a more sticky behavior with increasing dryness as is the 
case for untreated sludge, the stickiness of the PACl conditioned sludge clearly 
diminishes with increasing solids dryness. Moreover, at the dryness range of about 30% 
DS where the untreated sludge is characterized by a very sticky consistency, the PACl 
treated sludge has no sticky propensity at all. For higher solids dryness (> 65% DS), the 
stickiness curves merge again since the untreated sludge solids have reached such a 
dryness that they also do not have adhesive properties anymore. The remarkable effect 
of the PACl addition on the sludge’s intrinsic stickiness is confirmed by the data 
obtained two weeks later (data in blue in Figure 6-7).   
 
   
%DS
99
,5
97
,5
95
,5
93
,5
91
,5
89
,5
87
,5
85
,5
83
,7
82
,0
80
,0
78
,0
76
,0
74
,0
72
,0
70
,0
68
,0
66
,0
64
,5
62
,5
60
,5
58
,5
56
,5
54
,9
53
,0
51
,0
49
,0
47
,0
45
,8
44
,3
43
,0
41
,5
39
,5
38
,0
36
,0
34
,5
32
,6
31
,1
30
,0
28
,0
26
,5
24
,5
23
,5
22
,0
20
,3
18
,5
17
,0
15
,5
14
,0
12
,5
10
,99,
5
7,
5
5,
5
3,
5
1,
5
2000
1900
1800
1700
1600
1500
1400
1300
1200
1100
1000
900
800
700
600
500
sh
ea
r 
st
re
ss
 (
Pa
)
Sludge without PACl
preconditioning
Sludge with PACl
preconditioning
Sludge with PACl
preconditioning
Chapter 6 - Mapping of the sludge’s sticky phase 
 
170 
 
6.4.1 PACl dose - shear stress response curve at 30% DS 
 
To further substantiate the positive effect of the PACl dose on reducing the sludge’s 
sticky propensity, the dose-response curve was established for sludge with a dryness of 
30 ± 1% DS. More specifically, on a regular basis in the period from July till December 
2010, the shear test protocol was conducted for untreated sludge as well as sludge 
preconditioned with different PACl doses as low as 50 g PACl/kg MLSS. From the 
results depicted in Figure 6-8 it can be discerned that a minimum PACl dose was 
required, ranging from 50 to 150 g PACl/kg MLSS, to yield a reduced stickiness at 30% 
DS. Once the plateau of the lowest attainable shear stress is obtained, further increase of 
the PACl dose does not result anymore in a diminishing effect of the sticky behavior.  
 
 
Figure 6-8: Stickiness (shear stress) at 30 ± 1% DS versus the administered PACl dose. 
 
In the following Paragraphs 6.4.2 and 6.4.3, different subsidiary experiments are 
discussed aimed at gaining more insight in the possible mechanism the PACl has on the 
stickiness of the sludge. In Paragraph 6.4.4, finally, a plausible mechanism will be 
proposed.   
 
6.4.2 The stickiness at 30% DS, before and after polyelectrolyte 
addition, of sludge conditioned with PACl, AlCl3 and NaCl 
 
One of the striking features of sludge conditioning with PACl is the resulting Ca++ 
release from the floc structure as depicted in Figure 5-30. In the lower range of PACl 
dosing (~ 100 g PACl/kg MLSS corresponding typically with a dose of 1.5 to 2.0 mL of 
PACl to 0.8 L sludge), the observed Ca++ release is mainly the exchangeable DCBT-Ca 
fraction since the pH is barely reduced below the pH of 5.5 from whereon the Ca-solids 
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incorporated in the floc structure are dissolved. It could be argued that the loss of 
DCBT-Ca fraction, as a consequence of the PACl dosing, would be the main reason for 
the observed reduction in the sludge’s sticky behavior when PACl conditioning is 
applied.  
In the first series of experiments described below, sludge was conditioned with PACl, 
AlCl3 and NaCl and the stickiness was evaluated, exceptionally, also before polymer 
conditioning. In the second series of experiments, only PACl and AlCl3 conditioning 
was applied, and stickiness was, as usually, only compared after final polymer 
flocculation. 
 
FIRST SERIES OF EXPERIMENTS 
 
Set up 
 
To investigate the aforementioned hypothesis, in a series of experiments, an attempt was 
made to remove the DCBT-Ca fraction from the sludge flocs by means of cation 
exchange using different chemicals, and subsequently measuring the stickiness at 30 ± 
1% DS. Moreover, the stickiness was also measured, exceptionally, before the 
polyelectrolyte conditioning, next to the standard analysis after the final polyelectrolyte 
conditioning. This way, the separate effect of the polymer addition on the stickiness 
could be verified additionally. The tests were conducted with sludge of December 9, 
2010 characterized by an SVI of 20 mL/g and an inorganic fraction of 82%. The whole 
series of experiments was replicated on December 14. 
In Table 6-1 the different sludge mixtures are summarized. The sludge in beaker 1 
served as a reference since no specific treatment was applied to the sludge. In beaker 2 
and 3, respectively 2 mL PACl (PAX-14) and 1 g AlCl3 were added (same amount of Al 
for both treatments). The AlCl3 was firstly diluted in a small volume of supernatant 
before this AlCl3 solution was added to the sludge. In a larger sized beaker 4, the 0.8 L 
of sludge was diluted with 3.2 L of a NaCl solution in order to (i) reduce the Ca++ 
concentration in the water phase with a factor 1/4 and (ii) to simultaneously increase the 
Na+ concentration therein. As such, the M+/D++ ratio increases from about 2 to 9 (on 
December 9) and from 2 to 10 (on December 14) at the beginning of the experiment. 
The NaCl solution was prepared by dissolving lab-grade NaCl in tap water to yield the 
same conductivity as the conductivity of the water surrounding the raw sludge (8 and 10 
mS/cm on December 9 and 14 respectively; e.g., on December 9, 12 g NaCl was 
dissolved in 3.2 L tap water), which was aimed at avoiding a (sudden) change in 
conductivity when the NaCl solution was added to the sludge. The tap water itself has a 
calcium concentration ranging from 40 to 80 ppm. After a homogenization of 30 
minutes, while keeping the sludge smoothly in suspension, a sample was taken for 
cation analysis. Finally, the shear stress protocol was followed for all mixtures. It is 
noteworthy that a (minor) practical adaptation was needed to allow the shear test to be 
executed for the sludge prior to polymer conditioning, without, however, compromising 
the results obtained. A plastic cover was loosely fixed around the massive 
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preconsolidation cylinder (indicated with number 4 in Figure 6-1). As a result, after the 
consolidation phase of 1 minute, the massive cylinder could be removed easily from the 
compacted sludge (i.e., without disturbing the sludge sticking onto the steel surface), 
while on top of the sludge the plastic remained (obviously not compromising the test). 
Without the plastic, it turned out to be difficult to remove the massive cylinder from the 
sludge as result of what could be described as a suction effect of the sludge without 
polymer flocculation.  
In a second series of beakers (identified in the lower part of Table 6-1 with bis), the 
stickiness was determined after the additional conditioning with polymer. Concerning 
beaker 4bis, the sludge (contained in 4 L) was firstly allowed to settle, to decant 3.2 L of 
water before the polymer was added to the remaining 0.8 L containing all the sludge as 
was the case for the other experiments. 
 
 
Table 6-1: Experimental set-up aimed at to verify the effect of the release of the DCBT-Ca 
fraction on the stickiness at 30 ± 1% DS, before (beaker 1 to 4) as well as after polymer 
conditioning (beaker 1bis to 4bis). The 3.2 L NaCl solutions were obtained by dissolving 
NaCl in tap water to yield the same conductivity as for the water of the raw sludge.  
(*) Before adding polymer, water was firstly decanted to obtain again 0.8 L sludge. 
 
Results and discussion 
 
The cation analyses are summarized in Table 6-2, with the upper part containing the 
data for the experiments on December 9, and the lower part those for the tests on 
December 14. The first two rows present the data of the raw sludge taken from the 
clarifier underflow.  It is noteworthy that the amount of calcium present on the flocs 
amounts to 76 meq/g VSS which is exceptionally high. This total amount of calcium 
associated with the floc structure is well in line with the (extrapolated) curve depicted in 
Figure 4-8 for an inorganic fraction of 82%. 
The sludges treated with PACl and AlCl3 addition (beakers 2 and 3) clearly showed a 
calcium release as presented in the last column of Table 6-2, even more than only the 
DCBT-Ca fraction being 0.7 ± 0.1 meq/g VSS (see Chapter 4). It seems reasonable that 
a small amount of CaCO3 solids was dissolved locally at the point of addition of the 
acid PACl and AlCl3. But, in beaker 4, no calcium was released from the sludge 
exposed to the increased M+/D++ ratio of about 10, after 30 minutes. The calcium 
concentration found in the water after 30 minutes matches the concentration after 
dilution of the 0.8 L sludge with the 3.2 L tap water enriched with the NaCl, indicating 
sludge (L) clay (g) chemical
beaker 1 0,8 1,5 none
beaker 2 0,8 1,5 2 mL PACl
beaker 3 0,8 1,5 1 g AlCl3
beaker 4 0,8 1,5 3,2 L NaCl solution
sludge (L) clay (g) chemical polymer conditioning (0,20 wt%)
beaker 1bis 0,8 1,5 none 200 mL
beaker 2bis 0,8 1,5 2 mL PACl 200 mL
beaker 3bis 0,8 1,5 1 g AlCl3 200 mL
beaker 4bis 0,8 1,5 3,2 L NaCl solution (*) 200 mL 15 m
in
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that the exposure time was too short, or, that the increase of the M+/D++ ratio was not 
high enough to already have a substantial effect during 30 minutes. As mentioned, the 
increase in M+/D++ had been limited in the experimental set up to avoid a sudden 
conductivity increase upon addition of the NaCl solution to the sludge. 
 
 
Table 6-2: Cation analysis for the experiments on December 9 and 14, 2010. 
 
From the results of the shear test protocol depicted in Figure 6-9, it can be inferred that 
the stickiness propensity of the sludge is significantly reduced (p = 0.00) after the 
polyelectrolyte conditioning, shown at the left side of the vertical line. The analysis in 
the ANOVA Table 6-3 indicates that the polyelectrolyte alone explains 64% of the total 
variation shown in Figure 6-9. The effect of the polymer conditioning is most 
pronounced in the case of the PACl preconditioned sludge for which the shear stress is 
reduced from 1440 ± 70 Pa (before) to 980 ± 30 Pa (after polymer dosing). The 
interacting effect between the sludge (in terms of which chemical is added) and the 
polymer conditioning is statistically significant (p = 0.00) as shown in Table 6-3. The 
large difference in the stickiness before and after polyelectrolyte dosing is postulated to 
be the result of the overall increased floc size after the polyelectrolyte is added, for all 
kind of sludges. It is argued that the larger flocs will result in a smaller amount of the 
EPS matrix to be in contact with the contact surface, which, subsequently, will result in 
a reduced adhesiveness. A comparable observation was made by Forster (2002), 
however, at a totally different solids concentration of only 5%.  
When only the data after polymer dosing are considered (left side of Figure 6-9) it can 
be concluded that the PACl and AlCl3 treated sludges are characterized by a lower shear 
stress compared to the raw sludge and the sludge exposed to an increased M+/D++ ratio 
(which, after all, did not change in terms of calcium content compared to the raw sludge 
as described above). When the PACl treated sludge is compared versus the AlCl3 treated 
sludge, still a significant lower shear stress is found for the former (p = 0.00), although 
the difference is not that large. The difference in shear stress needed cannot be 
accounted for by the release of the DCBT-Ca fraction since both treatments resulted in 
the release of this calcium fraction as shown in Table 6-2. To further substantiate the 
different effect between the preconditioning of sludge with regular AlCl3 and 
prepolymerized PACl, in the second series of experiments described below, additional 
data are included in the analysis, gathered in November 2010. Further, in Paragraph 
MLSS (mg/L) MLVSS (mg/L) [Na+] (ppm) [Ca++] (ppm) Ca‐release from flocs (meq/g VSS)
sludge (homogenized) 40248 7249 920 11400
water phase of sludge 1011 359
beaker 1 (no addition) 948 336
beaker 2 (2 mL PACl addition) 942 619 1,87
beaker 3 (1 g AlCl3 addition) 953 774 2,94
after 30 s 1300 126 0,00
after 30 min 1316 129 0,00
Recycle sludge (homogenized) 42469 7644 1127 12047
water phase of sludge 1133 557
beaker 1 (no addition) 1132 547
beaker 2 (2 mL PACl addition) 1154 821 3,10
beaker 3 (1 g AlCl3 addition) 1110 1011 4,34
after 30 s 1650 128 0,00
after 30 min 1601 142 0,00beaker 4 (NaCl addition to 4 L) Te
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6.4.3, more evidence will be provided to show that the release of the DCBT-Ca fraction 
from the sludge flocs is not the causal factor as to why the PACl conditioning reduces 
the sludge stickiness. To elucidate the sole effect of a floc disintegration by exchanging 
the DCBT-Ca fraction with Na+ on the stickiness, the test with the NaCl (beaker 4) 
should be redone, but with an elongated cation exchange time (at the M+/D++ ratio of 
10) and/or an increased M+/D++ ratio. For instance, the M+/D++ could be increased 
progressively in the lab in two steps over two days from 2, over 10, to finally 20. 
 
 
 
Figure 6-9: Stickiness (shear stress) at 30 ± 1% DS before (right) and after (left side) 
polyelectrolyte conditioning for sludge without special treatment (black) before 
polyelectrolyte conditioning, treated with PACl (red), AlCl3 (green) and for sludge prior 
exposed for 30 minutes to an M+/D++ ratio of about 10 (blue) (95% CI of the mean). 
 
 
 
Table 6-3: ANOVA table for the shear stress at 
30 ± 1% DS for the data shown in Figure 6-9. 
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Source                         DF   Seq SS   Adj MS     F      P 
addition                        3    47974    15991    4,36  0,010 
before/after polymer            1   753916   753916  205,59  0,000 
addition*before/after polymer   3   237791    79264   21,61  0,000 
Error                          40   146686     3667 
Total                          47  1186367 
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SECOND SERIES OF EXPERIMENTS 
 
Set up 
 
Sludge from November 3, 2010 with an inorganic fraction of 57% was treated with 
PACl (1.5 and 3 mL to 0.8 L sludge) and AlCl3 (0.75 and 1.5 g to 0.8 L sludge) before 
final polymer conditioning was applied (Table 6-4). The AlCl3 was again firstly diluted 
in a small volume of supernatant before this AlCl3 solution was added to the sludge. 
Prior to the final conditioning step, calcium was analysed in the sludge’s water phase. 
Next, the stickiness was measured at 30 ± 1% DS. The whole experiment was replicated 
the day after. 
 
 
Table 6-4: Experimental set-up to verify the effect of 
PACl and AlCl3 dosing on the stickiness at 30 ± 1% DS. 
 
Results and discussion 
 
The calcium concentrations are depicted in Table 6-5, with the upper part containing the 
data for the experiments on November 3 (referred to as Test 3 to distantiate from the 
formerly discussed first series of experiments in this Paragraph 6.4.2), and the lower 
part those for the tests the day after (referred to as Test 4). The first two rows present 
the data of the raw sludge taken from the clarifier underflow. The total amount of 
calcium present on the flocs was 27 meq/g VSS. The DCBT-Ca fraction was exchanged 
from the flocs at the lowest 1.5 mL PACl dose. For the higher PACl dose as well as for 
the AlCl3 treated samples, additionally some part of the CaCO3 solids were dissolved, 
reflected in a higher calcium release from the flocs. 
The shear stress needed for the sludges to start slipping over the steel surface, at 30% 
DS, is presented in Figure 6-10, along with the data obtained in December 2010 (after 
polymer addition as well) discussed in the first series of experiments. The chemical dose 
is expressed in terms of g Al/g MLSS. The stickiness of the PACl treated sludge was 
significantly lower (p = 0.00) than for the AlCl3 treated sludge, the effect being much 
more pronounced for the sludge of November (Test 3 and 4 at the right side of Figure 6-
10). These data provide further evidence that the release of the DCBT-Ca fraction is not 
the main cause of the lower sludge stickiness as result of the PACl preconditioning, 
since both PACl and AlCl3 treatments resulted in the release of this calcium fraction 
from the flocs. Anticipating to the following experiments in Paragraph 6.4.3, it is 
assumed that the observed exchange of the DCBT-Ca fraction from the flocs in the case 
of the PACl dosing is realized by the smaller Al species still present in this 
prepolymerized aluminium solution (and not by the large Al13 polymers and even larger 
clusters formed thereof) being the same cation exchange mechanism as with AlCl3 
dosing.  
sludge (L) clay (g) chemical polymer conditioning (0,20 wt%)
beaker 1 0,8 1,5 1,5 mL PACl 200 mL
beaker 2 0,8 1,5 3 mL PACl 200 mL
beaker 3 0,8 1,5 0,75 g AlCl3 200 mL
beaker 4 0,8 1,5 1,5 g AlCl3 200 mLho
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Table 6-5: Cation analysis for the experiments on November 3 and 4, 2010. 
 
 
 
Figure 6-10: Stickiness (shear stress) at 30 ± 1% DS for sludge treated with PACl 
and AlCl3. Dosings are expressed in terms of g Al/g MLSS (95% CI for the mean). 
 
 
6.4.3 Effect of a higher prepolymerized PACl on the stickiness (PAX-
XL19 versus PAX-14) 
 
The data depicted in Figure 6-8 demonstrate that a minimum concentration of Al13 
polymers and subsequently formed larger Al13 clusters (characteristic for the 
prepolymerized aluminium) is needed to mitigate the sludge stickiness. It could be 
postulated that no further lowering of sticky behavior could be expected in the case a 
type of PACl would be added characterized by a higher prepolymerization degree than 
the PACl standardly used at this WWTP (PAX-14). Since, once a minimum amount of 
super-structures is present (independent of how this is accomplished) the sludge 
adhesiveness diminishes. To this end, in this paragraph only, the performance of PAX-
XL19, characterized by a very high basicity of 80% as depicted in Table 2-2, was 
compared to the one obtained with the standard applied PAX-14 in terms of stickiness 
 description MLSS (mg/L) MLVSS (mg/L) [Ca++] (ppm) Ca‐release from flocs (meq/g VSS)
sludge (homogenized) 33794 14531 8950
water phase of sludge 923
beaker 1 (1,5 mL PACl addition) 1163 0,83
beaker 2 (3 mL PACl addition) 1346 1,46
beaker 3 (0,75 g AlCl3 addition) 1253 1,14
beaker 4 (1,5 g AlCl3 addition) 1616 2,38
sludge (homogenized) 33872 14565 8896
water phase of sludge 884
beaker 1 (1,5 mL PACl addition) 1130 0,84
beaker 2 (3 mL PACl addition) 1408 1,80
beaker 3 (0,75 g AlCl3 addition) 1272 1,33
beaker 4 (1,5 g AlCl3 addition) 1668 2,69Tes
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reduction. In addition, it was decided to have the final polyelectrolyte conditioning 
realized by two different polyelectrolytes, referred to as P1 and P4 whereof the main 
characteristics are summarized in Table 6-6. The polymer P1 has always been used for 
all the tests (except for the evaluations in Section 5.3 where also polymers P2 and P3 
were used). Polymer P4, a copolymer of acrylamide and quaternized N,N-
dimethylaminoethyl acrylate, has properties that are situated right in between these of 
polymer P2 and P3 used in Section 5.3 (see Table 5-8). 
 
Polymer MW (×10-6) (*) CD (*) Description (*) 
  cationicity meq/g a.s.  
P1 20-25 50 mol%   Blend of linear and crosslinked 
polymers (low degree) 
P4 > 10 60 mol% 4.1 Crosslinked (medium degree) 
Table 6-6: Characteristics of the cationic polyelectrolytes (MW: molecular weight; 
CD: charge density; a.s.: active substance); (*) data obtained from the supplier. 
 
Set up 
 
Sludge from January 18, 2011 (SVI of 40 mL/g; inorganic fraction of 63%) was used 
for a series of experiments which are summarized in Table 6-7. The sludge in beakers 1 
and 2 were not treated with a chemical before they were conditioned with respectively 
polymer P1 and P4. The sludge in beakers 3 and 4 were firstly treated with the standard 
PAX-14, whereas PAX-XL19 was dosed to the sludge in beakers 5 and 6 so that the 
same amount of aluminium was added. The sludge in beakers 3 and 5 were finalized 
with polymer P1 conditioning, and the sludge in beakers 4 and 6 with polymer P4. 
Before the final polyelectrolyte conditioning, calcium was analyzed in the water phase 
surrounding the flocs. The whole trial was replicated two days later. 
 
 
Table 6-7: Experimental set-up to verify the effect of PAX-14 and PAX-XL19 on the 
stickiness at 30 ± 1% DS, using two different polyelectrolytes in the final conditioning step. 
 
Results and discussion 
 
The calcium concentrations are depicted in Table 6-8, with the upper part containing the 
data for the experiments on January 18, and the lower part those for the tests two days 
later. The first two rows present the data of the raw sludge taken from the clarifier 
underflow. The total amount of calcium present on the flocs was 30 meq/g VSS.  
A very important observation is made about the calcium release from the flocs. In 
conformity with all previous experiments, the dosing of the standard PACl (PAX-14) 
resulted in the release of the DCBT-Ca fraction (0.7 ± 0.1 meq/g VSS) from the flocs as 
sludge (L) clay (g) chemical polymer conditioning (0,20 wt%)
beaker 1 0,8 1,5 none 200 mL P1
beaker 2 0,8 1,5 none 200 mL P4
beaker 3 0,8 1,5 2 mL PAX‐14 200 mL P1
beaker 4 0,8 1,5 2 mL PAX‐14 200 mL P4
beaker 5 0,8 1,5 1,2 mL PAX‐XL19 200 mL P1
beaker 6 0,8 1,5 1,2 mL PAX‐XL19 200 mL P4
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shown in the last column of Table 6-8. However, in contrast, the addition of the PAX-
XL19 did not result in a significant calcium release from the flocs as can be noted from 
the data in Table 6-8. The calcium concentration in the water phase surrounding the 
flocs posterior to the PAX-XL19 dosing (52 ppm and 56 ppm, respectively on January 
18 and 20) did not substantially differ from the calcium prior to the addition (49 and 53 
ppm, respectively on January 18 and 20). This finding provides evidence that the 
exchange of the DCBT-Ca fraction upon dosing of the standard PACl (PAX-14) is 
accomplished by the smaller (Al3+) species still present within this PACl solution with a 
lower degree of prepolymerization, and not by the larger Al13 polymers, or even much 
larger clusters formed thereof of a few µm large. Indeed, the PAX-XL19 with its high 
degree of prepolymerization is characterized by a ligand number r of 2.4 (Table 2-2) 
which implies that only a very minor fraction of the small (Al3+) species will be present, 
the latter being supported by the results of Zhao et al. (2009) depicted in Figure 2-9. It is 
assumed that the larger species (Al13 polymers and their much larger clusters) encounter 
steric hindrance to diffuse to the inside of the sludge flocs, inhibiting the exchange of 
the bridging DCBT-Ca fraction. Therefore, addition of PAX-XL19 does not affect the 
DCBT-Ca fraction. The small (Al3+) species still present in the case of the PAX-14, 
however, exchange the DCBT-Ca fraction without sterical restriction as was already 
shown in the calcium exchanging experiments in Section 4.3 by means of the addition 
of AlCl3 to sludge. 
 
 
Table 6-8: Cation analysis for the experiments on Jan 18 and 20, 2011. The 
PAX-14 is a polyalumniumchloride characterized by a much lower degree 
of prepolymerization than the PAX-XL19 (details shown in Table 2-2). 
 
 description MLSS (mg/L) MLVSS (mg/L) [Ca++] (ppm) Ca‐release from flocs (meq/g VSS)
sludge (homogenized) 31245 11561 6998
water phase of sludge 49
beaker 1 (no addition) 47
beaker 2 (2 mL PAX‐14 addition) 227 0,77
beaker 3 (1,2 mL PAX‐XL19 addition) 52 0,0
sludge (homogenized) 31292 11578 7091
water phase of sludge 53
beaker 1 (no addition) 53
beaker 2 (2 mL PAX‐14 addition) 218 0,71
beaker 3 (1,2 mL PAX‐XL19 addition) 56 0,0
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Figure 6-11: Stickiness (shear stress) in the range from 28-35% DS for sludge 
without and with PACl treatment. The PAX-14 is a PACl characterized by a 
much lower degree of prepolymerization than the PAX-XL19. 
 
 
Because the solids dryness in this experiment showed some larger variation around the 
target of 30% DS, the stickiness (shear stress) is presented as a function of the dryness 
in Figure 6-11. The data for the untreated sludge and PACl-treated sludge bifurcate for a 
dryness at 30% DS and beyond. It is observed that the stickiness of the sludge without 
PACl treatment depended on the polymer used, with a lower shear stress (p = 0.00) in 
the case of polymer P4. This medium branched polymer P4 has characteristics that 
resemble those of polymer P3 which was studied in Section 5.3. The larger flocs in the 
case of the polymer P4 (based on the data depicted in Figure 5-16 for the polymer-alike 
P3) could be part of the explanation for the lower stickiness, resulting in a smaller 
amount of EPS making contact with the contact surface. This observation stresses again 
that the sticky behavior of drying sludge is complex, depending strongly on its 
composition. 
More important is the emerging evidence, found in the data depicted in Figure 6-11, for 
the stickiness reducing effect of PACl treatment being independent of its ability to 
release (exchange) the DCBT-Ca fraction from the flocs. Indeed, the PAX-XL19 
treatment resulted in a lowering of the shear stress as well, although no calcium was 
exchanged from the floc structure upon addition of this highly prepolymerized PACl 
solution to the sludge as evidenced in Table 6-8.  
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6.4.4 Proposed mechanism for the stickiness reducing effect of PACl 
 
As yet, no research has been devoted in the literature to the effect of PACl treatment of 
sludge on its stickiness during the course of drying and, actually, in general, sparse or 
almost no information is available on the sticky phase as such, or on the physical 
properties of sludge covering such high dryness. Here, the following mechanism is 
proposed that can be argued to account for the intriguing effect PACl has on the 
adhesiveness of drying sludge, which, in Chapter 7, will be shown to have important 
practical (industrial) implications. 
 
The key factor by far that determines the stickiness of sludge is the solids dryness, or, 
inversely, the sludge water content, as clearly demonstrated in Figures 6-3 and 6-7 (and 
further in Figure 6-12). One of the key features of prepolymerized aluminium is the 
presence of the Al13 polymer, and, at the higher dosages (where this application of PACl 
is definitely coping with), Al13 aggregates of a few µm are formed (Lin et al., 2008a) as 
schematically presented in Figure 2-12c. Along with these Al13 polymers (depicted in 
Figure 2-7), important amounts of hydrated water are associated, as will be the case for 
the resulting Al13-clusters formed thereof. It is postulated that upon dosing of a PACl 
solution to WAS, the large Al13 clusters will be mainly found at the exterior of the 
secondary sludge flocs. Without the polyelectrolyte flocculation (which is, as a matter 
of fact, never applied in the field), the PACl seems to have no effect on the sticky 
behavior, as depicted at the right side of Figure 6-9, which we assume to be the result of 
the intense contact the EPS matrix has with the contact surface. Since, at that moment, 
the median (secondary) floc size is very low at a level 40 to 50 µm as shown at the left 
side of Figure 5-21 and, as a consequence, a lot of biopolymers will have contact with 
the surface, this way countering the effect of the PACl prior to the polymer 
conditioning. However, after the final polymer flocculation, the pronounced stickiness 
reducing effect of the PACl is observed. At that moment, the EPS matrix (which is the 
main cause of the stickiness phenomenon) of the underlying secondary flocs makes less 
contact with the contact surface as a consequence of the larger median tertiary floc size, 
being an order of magnitude 5-10 times larger than its building blocks (right side of 
Figure 5-21), which is reflected in an overall decrease of the shear stress needed to let a 
sludge sample start slipping on the contact surface as depicted at the left side of Figure 
6-9. Then, when the drying of the sludge proceeds, the free water is gradually reduced 
and the matrix of biopolymers becomes more and more sticky. However, in case the 
large Al13 clusters with their hydrated water are present on the exterior of the secondary 
flocs, as schematically represented at the right side of Figure 5-23, it is proposed that 
these water shields (or, alternatively restated: these clusters of bound hydration water) 
reduce the adhesiveness propensity as they become more and more available to make 
contact with the surface, working then as some kind of lubricant for the (at that dryness, 
intrinsically sticky) sludge solids. In some way, the effect of the PACl could be 
compared with providing some kind of aqua-planing of the intrinsically sticky solids 
over the surface. The bound hydration water, associated with the Al13 aggregates, will 
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only be removed after the free water is firstly removed during the course of drying 
(Vaxelaire and Cézac, 2004; Sanin et al., 2011) and, hence, can fulfill its stickiness 
mitigating role. The data depicted in Figure 6-8 indicate that once a minimum of 
required superatom-structures are present at the sludge surface, to guarantee its 
proposed lubricant-kind of mechanism, more of these structures provide no further 
benefit. 
It must be mentioned that, in Chapter 7, by means of a plant experiment with the 
industrial Centridry® installation (more specifically, by evaluating the torque needed for 
the screw conveyor inside the centrifuge bowl to transport the sludge cake), additional 
evidence will be provided for the fact that it are, indeed, the superatom-structures that 
make the difference with PACl preconditioning. A minor effect of Al3+ species on the 
stickiness at lab scale (as discussed in Paragraph 6.4.2; left side of Figure 6-9) could be 
attributed, similarly, to the hydration shell of the Al3+ species as discussed in Section 
2.3.  
 
6.5 Extended data base 
In Paragraphs 5.2.2 and 5.4.3 the marked effect of the closure of the (towards the 
WWTP) main Na+ and organic N supplying plant was discussed in terms of the sludge 
centrifugal dewaterability (with or without PACl treatment). As a consequence, this 
section is aimed at discussing the sticky phase of the changed sludge, because it could 
be expected that this important sludge characteristic could be affected as well. 
 
Theretofore, on March 2 and 3, 2011, the stickiness was completely mapped once more 
for sludge without and with PACl treatment. At that moment, the sludge was 
characterized by an extremely well settleability, reflected in an SVI of only 11 mL/g 
and an inorganic fraction of 70%. The stickiness curves are depicted in Figure 6-12 with 
the curve without PACl dose in green color, and the one obtained with 80 g PACl/kg 
MLSS in blue. Four data points indicated with an asterisk (*) at the lower range of 
dryness are unreliable in terms of the dryness against which the shear stress is plotted. It 
was observed during the 1 min lasting pre-consolidation phase that water was squeezed 
out from the sludge, the water being wiped away from the contact surface before the 
shear stress was determined. The dryness used to plot the shear stress against is the one 
determined for the sludge initially brought into the cylinder. In the later experiments of 
May 2011, the increase in solids dryness as result of this marked water release was 
determined and turned out to be not negligible (discussed below). Hence, the data with 
the asterisk should not be considered in the analysis. The water squeezing in the shear 
test protocol during the experiments of March 2011 is clearly related with the extremely 
high compactibility of the sludge at that moment, as already described in Paragraph 
5.2.2 and depicted (with the upper curve) in Figure 5-11 and Figure 5-12. This water 
squeezing was even more pronounced for the with PACl treated sludge (blue data in 
Figure 6-12), similarly explained by the fact that the compactibility is then even much 
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better as discussed in Paragraph 5.4.3, and demonstrated (with the upper curve) in 
Figure 5-36. Hence, the adhesiveness propensity of the sludge changed significantly. 
 
 
Figure 6-12: Mapping of the sticky phase of activated sludge (i) without PACl 
preconditioning (green data: March 2, 2011) and with 80 g PACl/kg MLSS preconditioning 
(blue data: March 3, 2011); (ii) without PACl, but with standard amount of polyelectrolyte 
conditioning (pink data: May 5, 2011) versus a 50% higher polymer dose (orange: May 3, 
2011) (95% CI for the mean; lines are to guide the eye). (*) cake dryness against which 
shear stress is plotted is considered unreliable because marked water amounts of water were 
squeezed out during the pre-consolidation phase of the shear test protocol. 
 
The course of the shear stress versus the solids dryness for the sludge as such of March 
2 (green data points in Figure 6-12) has a comparable pattern to that of the ‘old’ sludge 
before the mentioned plant closure (depicted in Figure 6-3 and 6-7), but, strikingly, the 
stickiness curve has clearly shifted to the right, i.e., to higher dryness. The sludge of 
March 2011 showed its most sticky behavior in the range from about 45 to 60% DS 
instead of 25 to 40% DS for the ‘old’ sludge. Notwithstanding this notable difference, 
there is also strong analogy for both the ‘old’ and ‘new’ sludge in that the same 
sensitivity of the shear stress is found for small changes in solids dryness in the 
neighborhood of the sticky region: a relatively small difference of 5% DS makes the 
difference between a pronounced (non-) adhesiveness at the left side as well as the right 
side of the sticky phase. The shifting of the whole stickiness curve for the ‘new’ sludge 
to higher cake dryness is attributed to its higher sludge inorganic fraction of 70%. The 
effect of the inorganic fraction, or, inversely, the organic (EPS) fraction on the 
adhesiveness of drying sludge was already discussed in Section 6.3. The measured shear 
stress of 870 Pa at the dryness of 30% DS for the sludge of March 2 with a 70% 
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inorganic fraction is well in line with the (extrapolated) regression depicted in Figure 
6.4. The proposed concept depicted in Figure 6-5 is herewith confirmed.  
The pronounced less negative surface charge of the ‘new’ flocs as shown in Figure 5-37 
provides another addional explanation for the higher dryness needed for the ‘new’ 
sludge to reach its most sticky propensity. According to Sanin (2002), a decrease in SC 
will cause less repulsion between the EPS and as a consequence the floc structure will 
be more compact (i.e., less expanded). The lower degree of contact of the less expanded 
EPS matrix with the surface can be argued then to result in a lower adhesiveness, unless 
the EPS matrix is brought to a higher dryness so that the biopolymers exhibit a higher 
viscoplastic behavior. The same effect of the SC on the sludge yield stress is 
demonstrated by Forster (2002), though, it must be mentioned that this research paper 
dealt with the rheology of sludge with a very low solids concentration in the range of 
5% DS as was the case, moreover, for the abovementioned data of Sanin. Therefore, as 
already mentioned a few times, it is difficult to extrapolate the information in literature 
to the totally different dryness ranges this study is dealing with. 
Interestingly, when the sticky phases depicted in Figures 6-3 and 6-7 (for sludge with an 
inorganic fraction of 51-53%) are compared to the sticky phases depicted in Figure 6-12 
(for sludge with an inorganic fraction of 67-70%), it is inferred that the solids dryness 
marking the transition between a liquid and a plastic state (i.e., the dryness at the 
beginning of the sticky phase) is related to the solids dryness at equilibrium obtained 
after the centrifugal dewatering as depicted in Figure 5-12. This observation makes 
sense, since, once the sludge’s physical consistency comes in the transition from a 
liquid to a plastic state, this rubbery-pasty consistency will be an impediment to further 
water removal. This finding is well in conformity with the results reported by Ruiz and 
co-workers (2007; 2008; 2010). 
 
The stickiness curves for sludge without PACl (green data) and with PACl dosing (blue 
data) show again the same kind of bifurcation as was demonstrated for the ‘old’ sludge 
in Figure 6-7. The only difference being the shift to the higher dryness, but the proposed 
mechanism behind the effect of the PACl assumed to be the same as outlined in 
Paragraph 6.4.4. 
 
Effect of an overdose of polyelectrolyte 
 
Finally, to conclude this chapter on the sticky phase of sludge, the possible effect of the 
polyelectrolyte conditioning itself was investigated on the stickiness curve. To this end, 
on May 3, 2011, sludge (without PACl treatment) was conditioned with an overdose of 
25 kg a.s./ton DS, whereas two days later (to assure the same sludge characteristics) the 
sludge was conditioned with only (sufficient) 17 kg a.s./ton D.S. The activated sludge 
was typified by an SVI of 25 mL/g and an inorganic fraction of 65%. 
To verify the observed effect of the (one minute lasting) preconsolidation phase of the 
shear test protocol on the water squeezing from the sludge (as mentioned above, 
observed specifically for the March 2011 experiments), the solids dryness of the 
initially used sludge was quantified (as always), as well as the dryness of the sludge 
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sample after it was used for the third time in the shear stress protocol. It was found that 
sludge initially brought to a (target) dryness of 17% DS for the shear stress to be 
determined, turned out to be finally 26% DS due to the preconsolidation before the 
actual shear test. This dryness will be obtained already after the first preconsolidation 
phase prior the first (of three) repeats of the same sample, confirmed by the low 
variation in shear stress of the three consecutive repeats. Restated, for the sludge of May 
2011, as result of its extremely well compactibility, it was practically impossible to 
determine the shear stress below a dryness of 26% DS, as can be discerned from Figure 
6-12 (orange and pink data). Taking into account that the sludge of March 2011 had an 
even better compactibility than the sludge of May, this observation provides evidence 
that, indeed, the data marked with an asterisk for March 2011 sludge in Figure 6-12 are 
unreliable in terms of their dryness.    
The two stickiness curves for the May 2011 sludge are depicted in Figure 6-12 in 
orange (May 3; 50% overdose of polymer) and in pink color (May 5; suffcient 
polymer). It is noteworthy that the shear stress at 30% DS of circa 1150 Pa is again well 
in line with the (extrapolated) established regression of Figure 6-4 at 65% inorganic 
fraction. Besides, it can be inferred that the two stickiness curves almost overlap each 
other, concluding that the overdose of polyelectrolyte does not affect the sludge 
stickiness.  
 
6.6 Conclusion 
The sticky phase is the key feature that makes the drying of activated sludge in 
industrial sludge dryers cumbersome, yet despite its importance, thus far, very few 
research papers have been devoted to describing the changes in physical characteristics 
of drying sludge. To cover the entire dryness range from about 10 to 100% DS, 
equivalent as to cope with subsequently (very) dense suspensions, pasty material, and 
finally crumbly to dry-dust solids, rules out the standard applied (sophisticated) 
rheology measurements. This chapter was, therefore, aimed primarly at presenting a 
simple and repeatable shear test based lab protocol to map the stickiness behavior of 
drying sludge, with an easily-to-operate methodology able to cover the whole range of 
dryness, using a very robust experimental set-up. Then, after the mapping of the 
stickiness of Monsanto sludge for the very first time, in a subsidiary series of 
experiments, the intriguing role of PACl conditioning on the mitigation of the sludge’s 
adhesiveness propensity was studied, as well as the effect of the sludge inorganic 
fraction. Conclusively, the following can be recapitulated from the 1.5-year testing 
period regarding the intricate stickiness phenomenon: 
(i) it is emphatically demonstrated that the sludge dryness, i.e., its water content, 
is the governing parameter for the sludge physical consistency. Starting as a 
non-sticky material at low dryness, the adhesiveness starts to increase 
markedly upon decrease of the sludge water content which is attributed to the 
inherently higher concentration of the EPS biopolymer matrix, turning this 
water-polymer mixture into a gradually more and more viscoplastic substance. 
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Once the sludge has attained its most gluey consistency, referred to as the 
sticky phase, further water removal does not influence the maximum stickiness 
in a certain range of EPS concentration (in water), until, a certain threshold 
water content is reached from whereon the adhesiveness of the EPS abruptly 
declines within a relatively small range of only 5% DS. This is proposed to be 
the result of a reduced spreadability of the EPS matrix on the contact surface as 
result of its (in this context) too high viscosity. During the subsequent course 
of drying, the solids turn into non-sticky crumbly and finally dry-dust material;  
(ii) addition of polyelectrolyte to the sludge, resulting in a larger floc size, results 
in a lower sticky behavior as schematically shown in Figure 6-13 (a en b). This 
is attributed to the lower amount of gluey EPS making contact with the contact 
surface; 
(ii) the sticky phase, the dryness range wherein the drying sludge exhibits its most 
gluey consistency, depends on the sludge inorganic fraction. In the case of a 
50% inorganic fraction, this range is from about 25 to 40% DS, whereas in the 
case of a higher inorganic fraction of 70%, this range shifts to higher solids 
dryness, from approximately 45 to 60% DS (Figure 6-13, c and d). It is 
plausible to assume this is primarly the result of a higher dryness needed for a 
smaller amount of EPS biopolymers present in the floc structure, in the case of 
a lower sludge organic fraction, to attain the same viscoplastic characteristics; 
(iii) the preconditioning of sludge with PACl prior to its final polyelectrolyte 
conditioning results in a marked and intriguing reduction of the sludge 
stickiness. At the dryness where untreated sludge starts to develop its highest 
stickiness towards its sticky phase, the physical behavior of PACl treated 
sludge starts to behave totally different, with a clear reduction (instead of an 
increase) of the sludge adhesiveness with increasing solids dryness. It is further 
demonstrated that a minimum amount of PACl is enough (around 100 g 
PACl/kg MLSS) to get this beneficial effect; further increase of this chemical 
does not result in a further reduction of the achieved plateau of adhesiveness. 
Moreover, it is also shown that the (observed side effect of the) release of the 
DCBT-Ca fraction from the flocs due to PACl addition is not the causal factor 
for the stickiness mitigation, since a PACl with a very high degree of 
prepolymerization yielded the same glueyness reduction as well, without, 
however, exchanging DCBT-Ca from the flocs.  
It is postulated that the beneficial effect of the PACl is due to the binding of 
large Al13 clusters of a few µm large (Lin et al., 2008a) at the exterior of the 
secondary flocs, as schematically represented in scheme e of Figure 6-13, 
which mitigate the stickiness propensity by acting as a kind of lubricant for the 
(intrinsically sticky) solids. The large clusters of bound hydration water 
(which will be thermally removed after the free water is removed) built on the 
exterior of the flocs will provide some kind of aqua-planing contact with the 
contact surface. Indeed, these clusters of hydration water become more and 
more the first contact with the contact surface during the course of drying 
when the free water is being gradually removed (the latter causing the 
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underlying EPS matrix to turn into a more and more sticky substance). 
Restated, by adding PACl to sludge, basically, a pool of hydration water is 
(artificially) placed at the exterior of the secondary flocs, which is only 
thermally removed after the excess pool of free water is removed. This 
hydration water, associated with the super Al structures of PACl, shields the 
underlying sticky EPS (because the free water is being removed, turning the 
EPS matrix more sticky) through the dryness range wherein otherwise sticky 
issues appear. 
 
It should be remembered that the standard application of PACl worldwide is in the field 
of removing fine colloidal solids from wastewater upon dosing it into wastewater. The 
brand new application of PACl as a conditioner of waste sludge prior to the dewatering 
and subsequent drying has clear practical implications as will be discussed in Chapter 7. 
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Figure 6-13: Schematic representation of sludge stickiness reduction after polyelectrolyte 
conditioning (b) of the secondary flocs (a). Effect of a lower (c) versus a higher sludge inorganic 
fraction (d) on the stickiness, and the effect of polyaluminiumchloride (PACl) conditioning (e). 
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Chapter 7  
 
Optimization of the Centridry® 
 
As outlined in Section 1.4, prior to this study, the Centridry® had two main bottlenecks: 
(i) high vibrations of the solid bowl decanter centrifuge and (ii) periods of frequent 
fouling around the centrifuge cake outlet or somewhat further on the flash dryer wall. 
Below, in the first Section 7.1, it will be discussed how the vibrational bottleneck was 
eliminated, so that vibrations were not the first bottleneck anymore to increase the solids 
feed to the centrifuge. In the Section 7.2, the mitigation of the dryer fouling propensity 
is described, which, on his turn, has led to a breakthrough in capacity of this installation. 
The here presented work is published as:  
 Peeters, B., Dewil, R., Smets, I.Y. (2011). Unravelling the impact of changes 
in the sludge volume index on the stickiness issues in a sludge flash dryer 
through binary logistic regression, Journal of Process Control, Submitted. 
 Peeters, B., Dewil, R., Van Impe, J., Smets, I. (2011). Optimization of a 
combined centrifugal dewatering and thermal flash drying apparatus for the 
handling of sludge with varying characteristics. In: Proceedings of the 5th 
International Workshop of the World Forum for Crystallization, Filtration and 
Drying (WFCFD), Mumbai, India (April 14-15, 2011), pp.122-141. 
 Peeters, B., Dewil, R., Van Impe, J., Smets I. (2010). Modeling of the fouling 
probability of an activated sludge dryer. In: M. Kothare, M. Tade, A. Vande 
Wouwer, I. Smets (Eds.) Proceedings of the 9th International Symposium on 
Dynamics and Control of Process Systems (DYCOPS 2010), Leuven, Belgium 
(July 5-7, 2010), pp. 629-634. 
 Peeters, B. (2010). Mechanical dewatering and thermal drying of sludge in a 
single apparatus, Drying Technology 28, 454-459.  
 Peeters, B. (2010). Effect of vibrations on solids transportation in a high-solids 
decanter centrifuge, Filtration 10, 52-60. 
 Peeters, B. (2009). Effect of vibrations on the solids transport in a high-solids 
decanter centrifuge. In: Proceedings 22nd annual conference of the AFS 
Society, Minneapolis, MN, USA (May 4-7, 2009).   
 Peeters, B., Van Brecht, A., Rombouts, D., De Bock, J. (2009). Reduction of 
the carbon footprint for sludge handling by optimization of a combined 
centrifuge-dryer apparatus, Filtration 9, 277-286. 
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 Peeters, B., Vernimmen, L., Meeusen, W. (2009). Changing wastewater sludge 
characteristics affecting the fouling of a single stage mechanical dewatering 
and thermal drying process, Filtration 9, 52-62. 
 Peeters, B., Vernimmen, L., Meeusen, W. (2008). Effect of activated sludge 
characteristics on the fouling frequency of a single stage mechanical 
dewatering and thermal drying process. In: Proceedings 21st annual conference 
of the AFS Society, Valley Forge, Philadelphia, PA, USA (May 19-22, 2008). 
 
7.1 Elimination of the centrifuge vibrations 
Empirical investigation on the effect of the centrifuge bowl speed on its vibrational 
performance 
 
Before the Centridry® optimization, the decanter centrifuge had been operated for years 
at its maximum designed speed of 3165 rpm. During these years, it was experienced 
that the vibrations were changing over time, sometimes related with changes in the 
activated sludge characteristics, although on a lot of occasions no clear explanation 
could be found.  
Based on former positive experience of the author with lowering the bowl speed on the 
vibrations of another solid bowl decanter centrifuge (used in polymer manufacturing) at 
the Monsanto Antwerp site (Peeters et al., 2011c), in analogy, it was decided to also 
verify empirically the effect of the bowl speed on the vibrations baseline of the WWTP 
centrifuge. As mentioned in the Industrial Centrifugation Technology handbook 
(Leung, 1998a), with a complex element as a loaded centrifuge bowl, the effect of the 
rotational speed on the mechanical performance can best be determined experimentally. 
To this end, in September 2006, over a period of two weeks, the bowl speed of the main 
centrifuge rotor assembly (in place at that moment) was decreased in small steps of 100 
rpm. In between, the system was observed for at least two days at constant conditions. 
The time trends of the test period are shown at the left side of the Figure 7-1. The green 
line indicates the bowl speed, and the red trend shows the vibrations. In addition, a 
summary of the vibrations at the different periods, characterized by a particular bowl 
speed, is depicted in Figure 7-2. As can be noticed in Figure 7-1, the first two reductions 
of the bowl speed to 3070 and 2980 rpm did not show any benefit. But then, the small 
additional reduction of the bowl speed with barely 100 rpm resulted in a significant 
reduction of the vibrational level, reflected in a maximum of the vibrations of 9.6 mm/s 
instead of a level of 16.4-16.8 mm/s for the higher bowl speeds. After this observation, 
it was decided to go back to the standard bowl speed of 3165 rpm for two days to 
confirm the results, after which the bowl speed was finally set at 2880 rpm.  
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Figure 7-1: Effect of the centrifuge bowl speed (in green) on the centrifuge vibrations (in red; 
scale from 0 to 20 mm/s): 3165, 3070, 2980 and 2880 rpm for the main rotor assembly (at the 
left), and 2500 rpm for the spare rotor assembly (at the right). On-line trends are shown for 
periods of 18 days.  
 
 
Figure 7-2: Box-and-whisker plot of the vibrations for the 
main centrifuge as function of the bowl speed. N indicates the 
number of days (raw data depicted at left side of Figure 7-1). 
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After reducing the bowl speed of the main rotor assembly from 3165 rpm to 2880 rpm 
in September 2006, this assembly operated smoothly. A certain moment, however, 
vibrations baseline increased slowly but surely over time, inducing in addition an 
increased level of noise. The starting point of the deteriorating vibrational performance 
related quite well with a shutdown of the Centridry® system in November 2007. 
Investigation in the field revealed that the most probable reason for the higher vibrations 
was wear of one of the centrifuge bearings as a result of a temporary less efficient 
lubrication after the shutdown. In January 2008, the decanter vibrations reached a level 
varying from 8 to 12 mm/s as can be observed from the upper graph of Figure 7-3 
which shows the vibrations (in red) and the bowl speed (in green) in the period from 
Janury 3 to 29, 2008. The middle and lower graph of Figure 7-3 depict the same trends 
over 4 days during which the bowl speed was adapted.  
While the replacement of the main rotor assembly (by the spare one) was being 
scheduled, in analogy with the positive experience of the bowl speed reduction in 
September 2006, the bowl speed was reduced from 2860 rpm at that moment to 2800 
rpm (Figure 7-3), this way reducing the vibrations baseline. As can be noticed from the 
upper graph of Figure 7-3, however, vibrations started increasing again slowely but 
surely while operating the centrifuge at 2800 rpm, as a result of further wear of the 
slightly damaged bearing. After a period of 2 weeks, therefore, the bowl speed was 
further reduced to 2665 rpm. It should be noticed that a first reduction from 2800 to 
2700 rpm did result in a decrease of the minimum of the vibrations (lower graph of 
Figure 7-3), but, still the same maximal vibrations were experienced. The maximum 
vibrations subsequently decreased after a small reduction of the bowl speed with, 
markedly, only 35 rpm to finally obtain 2665 rpm. The average of the vibrations at 2665 
rpm is significantly lower (ANOVA; p = 0.00) than the averages at 2700 and 2800 rpm. 
A detail of the 15-hour period during which the bowl speed was changed from 2800 
over 2700 to 2665 rpm is presented in Figure 7-4. These empirical observations clearly      
underline the major impact of the bowl speed on the vibrational performance of a 
decanter centrifuge.  
In March 2008 then, the main rotor assembly was replaced by the spare rotor assembly. 
Operational experience over the years with the spare centrifuge (made of inox steel) was 
worse compared to the main centrifuge (carbon steel) because of even higher vibrations 
compared to the main centrifuge, at the historically applied bowl speed of 3165 rpm (no 
trends available). This is why during start-up of the spare centrifuge the bowl speed was 
reduced from the beginning to 2500 rpm, this way demonstrating a really outstanding 
vibrational performance as can be observed from the right side of Figure 7-1. With this 
reduced bowl speed of 2500 rpm, one can barely hear the centrifuge running. 
 
Discussion 
 
A decanter centrifuge will always have a certain unbalance which causes the rotating 
assembly, bowl and screw conveyor, to vibrate (Records and Sutherland, 2001). These 
vibrations are passed on the rigid bearings wherein the rotating assembly is held, 
mounted on a subframe (see Figure 1-8), which is subsequently attached to the 
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supporting structure. Besides the mechanical damage caused by these vibrations, also a 
lot of noise can be produced in case of excessive vibrations. There are different speeds 
of a centrifuge that are important in this context (Records and Sutherland, 2001; Leung, 
1998a). The critical speed is the speed at which the frequency of rotation matches the 
natural (resonant) frequency of the rotating centrifuge: at this speed, any slight 
unbalance is strongly reinforced causing high vibrations and even mechanical failure of 
the machine is possible in that case (Perry and Green, 1984; Leung, 1998a). Next to this 
most critical speed, speeds corresponding to harmonics of the natural frequency are also 
critical speeds in that they can give rise to higher vibrations as well, although less 
troublesome. The sensitivity of the vibrations of rotating machinery (like steam 
turbines, centrifugal compressors and centrifuges) to the rotational speed is also 
illustrated by Bloch (1998). 
The well demonstrated effect of the bowl speed on the vibrations of the main rotor 
assembly, as depicted at the left side of Figure 7-1, clearly proves that it is always 
worthwhile to empirically verify the effect of the bowl speed on the vibrations in the 
case these are restricting the centrifuge capacity. Further evidence theretofore was 
provided later on: the progressive wear of one of the bearings, initially damaged as 
result of a temporary unefficient lubrication thereof, caused additional imbalance with 
the centrifuge vibrations progressively increasing, making further adaptation of the 
bowl speed necessary to extend the lifetime. Next to wear (of the rotor or the bearings) 
causing imbalance over time, the stiffness of the rotating machinery is another 
influencing factor (Records and Sutherland, 2001). It was evidenced that the spare rotor 
assembly can be operated as well at a very low vibrational level in the case it is run at a 
(for its rotor combination) suitable bowl speed which differs from the main rotor 
assembly as result of its different material of construction.  
It is a common misconception that the highest possible (designed) bowl speed is also 
the best suited bowl speed to run a centrifuge from a process point of view. As 
mentioned by Langeloh and Bott (1996), for improved solids separation one requires the 
highest possible centrifugal velocities. However, since the solids have to be (axially) 
transported against the (radial) centrifugal force, the centrifugal force has a negative 
effect on the solids transportation, concluding that both of these processes have to be 
adjusted in a trade-off with each other when optimizing a decanter centrifuge (Langeloh 
and Bott, 1996; Leung, 1998a). Moreover, it should be remembered that (as mentioned 
in Section 5.2) for one specific sludge composition, there exists a threshold compaction 
stress Ps from whereon further increase results in no further increase of the cake dryness. 
In Paragraph 5.1.5 the Ps in the decanter centrifuge was estimated to be about 68 kPa 
(log Ps = 1.8) for stabilized high capacity conditions and a bowl speed of 3165 rpm, 
while Ps was found to decrease to a value of about 42 kPa (log Ps = 1.4) at the reduced 
2500 rpm. Considering the compaction curves depicted in Figure 5-11, at equilibrium, 
the reduction of the bowl speed from 3165 to 2500 rpm will have had barely an impact 
on the cake dryness, and in case it would, the reducing effect on the dryness will only be 
beneficial for the fouling in the next flash drying stage (as further explained in Section 
7.2). The centrate quality was followed up by regular visual inspection and did not 
deteriorate due to the bowl speed reduction.        
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Figure 7-3: Effect of bowl speed (2860, 2800, 2700 and 2665 rpm; in 
green) on the gradually increasing vibrations baseline (in red; scale from 0 
to 20 mm/s) of the main rotor assembly as result of unefficient (temporary 
no) lubrication of one of the centrifuge bearings. The middle and lower 
trends are details over 4 days of the upper trend shown over 25 days.  
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Figure 7-4: Box-and-whisker plot of the vibrations during 15 hours 
(January 24, 2008) for the main centrifuge, while lowering the bowl 
speed (raw data depicted in the centre of the lower graph of Figure 7-3). 
 
7.2 Reduction of the dryer fouling frequency 
7.2.1 Modeling of the fouling probability of the Centridry® 
 
Data base 
 
An extended data base was compiled covering the period between September 2005 and 
February 2011. Taking into account maintenance shutdown periods of the Centridry® 
system, a data base covering 1727 days was obtained. For every day, the minimum of 
the underpressure after the cyclone was considered to evaluate fouling during that 
specific day together with data of the SVI (ranging from 15 to 115 mL/g), the applied 
clay dosing (high/medium/low) and the addition of flotation sludge (no 
addition/addition/PACl direct in feed). The high, medium and low clay dosing 
correspond respectively to an average clay-to-biosolids ratio applied in the field of 0.40, 
0.25 and 0.10 kg clay/kg MLSS. The direct PACl addition to the Centridry® sludge feed 
means that pure PACl (more specifically: PAX-14) is dosed to the waste sludge feed at 
a rate of about 100 g PACl/kg MLSS. The observed frequencies of dryer fouling are 
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presented in the last column of Table 7-1, with the continuous SVI predictor classified 
(for the sake of presenting the observed data) in two classes with an SVI cut-off value of 
60 mL/g. 
 
 
Table 7-1: Summary of the data set covering 1727 days, with the 
observed frequencies of dryer fouling in the last column (nd: no 
data, SVI: sludge volume index, PACl: polyaluminiumchloride). 
 
Empirical model for the evaluation of the dryer fouling risk 
 
The fouling phenomenon in the Centridry® flash dryer is a binary or dichotomous 
variable because fouling does appear (1) or does not appear (0) in a daily evaluation of 
the Centridry® operation. The purpose of this study was to develop a model, using 
binary logistic regression, to elucidate the effect of the sludge composition on the 
fouling propensity in the dryer. To this end, the probability or proportion (P) of the 
fouling in the flash dryer was modeled as function of the explanatory variables SVI, 
clay dosing and addition of flotation sludge (including the direct addition of pure PACl) 
to the main excess sludge feed flow (the last two being categorical data).  
Before starting to interpret the obtained model (parameters), model checks are 
performed of which the outcome is presented in the MINITAB® (boxed) output of Table 
7-2. Because model fitting via logistic regression is sensitive to collinearities among the 
independent variables as is the case in linear regression (Hosmer and Lemeshow, 2000), 
a collinearity check is performed first. The analysis showed no collinearities between 
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the independent variables indicated by a Variance Inflation Factor (VIF) of maximum 
1.3 after coding the categorical X’s to numeric ones (Mader, 2006). Furthermore, (i) the 
p-values of the three methods to evaluate the goodness-of-fit (p > 0.05) show that the 
model adequately describes the observed data; (ii) the model G statistic, a test for the 
null hypothesis that all regression coefficients bi in the logistic regression model are 
zero, is statistically significant (p < 0.05), concluding that information about the 
independent variables allows us to make better predictions of the fouling than we could 
make without the independent variables; and (iii) the p-values of 0.00 for the individual 
regression coefficients bi show significant effects of the predictors on the fouling 
frequency. 
 
 
Table 7-2: Binary logistic regression analysis of the dryer fouling. 
 
(i)
(ii)
(iii)
(iv)
Variable                        Value  Count
fouling 1        241  (Event)
0       1486
Total   1727
Logistic Regression Table
Predictor                           Coef    SE Coef       Z      P  
Constant                         3,72359   0,423850    8,79  0,000
SVI         -0,0516063  0,0058825   -8,77  0,000   
flotation sludge to feed
2: addition                   -0,984014   0,243884   -4,03  0,000   
3: PACl direct in feed -2,87687   0,479257   -6,00  0,000   
clay dosing to feed
2: medium                      -1,57019   0,200544   -7,83  0,000   
3: low                         -3,72021   0,271916  -13,68  0,000  
Log-Likelihood = -536,987
Test that all slopes are zero: G = 321,936, DF = 5, P -Value = 0,000
Goodness-of-Fit Tests
Method           Chi-Square    DF      P
Pearson 1498,15  1616  0,983
Deviance             982,34  1616  1,000
Hosmer-Lemeshow        5,57     4  0,234
Table of Observed and Expected Frequencies:
(See Hosmer-Lemeshow Test for the Pearson Chi -Square Statistic)
Group
Value      1      2      3      4      5      6  Total
1
Obs      2     11     12     35     46    135    241
Exp    3,6    8,3   14,7   30,7   55,6  128,1
0
Obs    285    277    276    253    242    153   1486
Exp  283,4  279,7  273,3  257,3  232,4  159,9
Total    287    288    288    288    288    288   1727
Measures of Association:
(Between the Response Variable and Predicted Probabilities)
Pairs       Number  Percent  Summary Measures
Concordant  296339 82,7  Somers' D              0,66
Discordant   60539     16,9  Goodman-Kruskal Gamma  0,66
Ties          1248      0,3  Kendall's Tau-a        0,16
Total       358126    100,0
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The ROC (Receiver Operating Characteristic) curve is presented in Figure 7-5. The 
AUROC (area under the ROC curve) equals 0.82 which indicates a model with 
excellent predictive validity. A more intuitive way to understand the meaning of the 
AUROC is provided by Hosmer and Lemeshow (2000). The data set contains 241 data 
points where fouling occurred, and 1486 (= 1727-241) data points without fouling 
(Table 7-1). Next, 241×1486 pairs are created: each data point with observed fouling is 
paired with each data point without observed fouling. Of these 358126 pairs, the 
proportion is determined whereby the data point with observed fouling had the higher of 
the two (modeled) fouling probabilities, called then a concordant pair. For this data 
base, the proportion is equal to 82.7% (see (iv) in Table 7-2), also referred to as the 
Harrell’s c statistic (Petrie and Sabin, 2009). This proportion is equal to the AUROC 
(Hosmer and Lemeshow, 2000) and, hence, the latter can be interpreted as the 
probability that a randomly chosen data point from the group of data with observed 
fouling has a higher predicted fouling probability than a randomly chosen data point 
from the fouling-free group (Petrie and Sabin, 2009). 
 
 
Figure 7-5: The Receiver Operating Characteristic (ROC) 
curve. The AUROC (area under ROC curve) is 0.82. 
 
Visualization of the model 
 
The estimated coefficient b1 of the model equals -0.052, while the value of constant b0 
depends on the level of clay dosing and flotation sludge as summarized in Table 7-3. 
For example, in case no flotation sludge is added to the sludge feed and a high clay 
dosing is applied, the model that estimates the fouling probability as function of the SVI 
is: 
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 Flotation sludge to feed 
Clay dosing to feed No addition Addition Coagulant direct to feed 
High 3.72 2.74 0.84 
Medium 2.15 1.17 -0.73 
Low 0.00 -0.98 -2.88 
Table 7-3: Values of constant b0 in the model. 
 
The model, visualized in Figure 7-6, clearly shows the effect of the sludge composition 
on the fouling propensity in the sludge flash dryer. In Paragraphs 7.2.2 and 7.2.3 this 
effect is discussed. 
 
         
 
Figure 7-6: Expected fouling probability of the sludge dryer as function of the SVI 
(sludge volume index), clay dosing and addition of flotation sludge (including 
dosing pure PACl) to the main excess sludge feed of the Centridry® installation. The 
model is based on a set of 1727 days of operational experience with the Centridry®.  
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7.2.2 Effect of the SVI and the clay conditioning on the dryer fouling 
 
From Figure 7-6 it can be inferred that the risk of obtaining solids build-up at the early 
stage of the sludge dryer, as illustrated in Figure 1-8, is highest in the case of sludge 
characterized by a low SVI. Moreover, it can be observed that when the sludge has a 
low SVI, the fouling probability can be significantly lowered again by reducing the clay 
dosing to the sludge feed from high to low. This outcome corroborates the hypothesis 
generated after a first statistical analysis with a one-year data base (Peeters et al., 2009a; 
Peeters, 2010) in which, at that time, the system was operated at high clay dosing as the 
standard practice. As outlined in Section 4.4, a low SVI is induced (i) by a higher sludge 
inorganic fraction and (ii) at a constant inorganic fraction, by sludge fortification with 
Ca++ (i.e., with the DCBT-Ca fraction present on the flocs). Based on the results of the 
centrifugal compaction test, Figure 5-12 and Figure 5-39, it was shown respectively that 
(i) sludge with a high inorganic fraction (low SVI) dewaters better than sludge with a 
low inorganic fraction (high SVI) and (ii) sludge fortified with Ca++ (lower SVI) results 
in an improved centrifugal dewatering as well. By decreasing the clay dosing, again 
wetter cake can be obtained as demonstrated in Figure 5-9 and Figure 5-12. The 
combination of both observations, i.e., sludge with a low SVI (i) corresponds with a 
higher chance of getting fouling on the dryer walls and (ii) yields a higher sludge 
dryness after centrifugal compaction, has led to the hypothesis at the end of 2007 that 
too dry cake entering the flash dryer causes fouling. To verify and to further 
substantiate this hypothesis, the clay dosing was reduced in the field from standard 35 to 
10 kg/h to lower the dryness baseline of the dewatered cake in case of low SVI’s, i.e., 
the characteristic compaction curve of the sludge feed to be centrifuged was lowered by 
lowering the amount of clay skeleton builder. The obtained statistical model as 
presented in Figure 7-6 confirms the positive effect of this corrective action, in use since 
December 2007, to reduce the clay dosing in the case of a low SVI. 
 
Mechanism 
 
The underlying reason as to why wetter cake at the end of the centrifugal dewatering 
step and, hence, at the early stage of the thermal drying step, is better is found in the 
sticky behavior of drying sludge, discussed in Chapter 6. By controlling the sludge 
dryness at the early stage of the dryer, one controls the location where the sludge goes 
through its sticky phase in the dryer. Operational experience has indicated that the 
Achilles’ heel of the Centridry® is the very first 0.5 m of the 38 m long flash dryer (the 
first 0.5 m being, at the same time, the unique part of the Centridry®). That is to say, the 
most sensitive place is situated (referring to Figure 1-8) at (i) the impact cone and (ii) 
the wall of the cyclonic chamber where, subsequently, the drying solids make their first 
contact with the cyclonic chamber, after which they start travelling along helical paths 
in the cyclonic chamber. It is obvious that the solids will have a much lower tendency to 
stay clinging to the cyclonic chamber wall while they are moving along the dryer wall, 
than in the case they move towards the dryer wall to hit it, in particular when they have 
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reached already a sticky consistency at these (in this context) sensitive places. Now, the 
control strategy-philosophy of increasing the water content of the solids after the 
centrifuge aims at reaching that cake dryness at the impact cone and at the beginning of 
the dryer wall whereby the cake does not yet reaches its most pasty consistency which, 
otherwise, would cause it to cling on the impact cone and the beginning of the dryer 
wall. When the solids go through their most sticky consistency further away in the 
sludge dryer, as they intrinsically always do somewhere during the course of drying, it 
does not matter anymore, since they move then along the dryer wall. 
Hence, the sludge solids dryness at the early stage of the flash dryer under study is 
critical to avoid drying sludge sticking to the dryer wall. It is noteworthy that also the 
temperature of the hot drying gas stream entering the cyclonic chamber has some 
(minor) role in this. Since, as one targets preferably a wetter cake instead of a too dry 
cake at the early drying stage, the reduction of the temperature of the drying gas, e.g., 
from 260 to 250 or 240°C will help to accomplish this. There are, however, limits. Now 
and then too wet final dried solids (even as low as 70% DS) have caused blocking of the 
screw conveyor which transports the final dried solids, separated via the solid/gas 
cyclone, to the stockpile. In the case these solids with a lower dryness are held up in this 
screw conveyor, they can be further compacted by this final screw conveyor, forming 
hard lumps herein, blocking up this conveyor, and impeding further solids transport to 
the stockpile. The feed to the Centridry® has to be stopped then as well to make this 
conveyor free again, by re-suspending these hard solids by pouring water in this 
conveyor. These observations underline the aforementioned control strategy to avoid 
fouling at the early stage of the dryer. 
 
The reduction of the cake dryness by lowering the clay dose, as a way to control the 
fouling issue in the dryer has been effective for sludge with a higher SVI ranging from 
120 to 40-50 mL/g. According to the Figure 4-11, this corresponds with an average 
inorganic fraction ranging from 15 to 50-55%. Beyond 55% inorganic fraction, 
lowering of the clay skeleton builder has, however, a diminishing impact on the cake 
dryness, as discussed in Paragraph 5.2.2. In the case WAS with an SVI lower than this 
threshold of 40-50 mL/g has to be handled, and in particular without the assistance of 
flotation sludge, it can be discerned from Figure 7-6 that the fouling propensity 
markedly increases. Moreover, this effect is amplified by the low SVI as such, since, in 
case the SVI decreases, the amount of flotation sludge is reduced since diminishing 
amounts of solids are lost via the clarifiers overflow, obviously reducing the amount of 
flotation sludge.  
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7.2.3 Effect of the PACl conditioning on the dryer fouling and the 
torque developed by the centrifuge screw conveyor 
 
Effect of the PACl conditioning on the dryer fouling 
 
On top of the abovementioned control strategy (changing clay dosing), in case of sludge 
characterized by an excellent dewaterability for sludge with an SVI in the range from 15 
to 40-50 mL/g, it has become standard practice to add PACl (PAX-14) directly in its 
pure form to the Centridry® sludge feed, hence in addition to the PACl that is supplied 
indirectly to the system via the flotation sludge coming from the DAF unit.  
 
 
Figure 7-7: On-line measurement of the underpressure after the cyclone (in red) 
and the Centridry® feed (in green) over a period of 12 days for sludge 
characterized by an SVI of 28 mL/g and an inorganic fraction of 63%. The 
negative effect of the reduction of the flotation sludge (indirect PACl dose) is 
shown, and the positive effect of direct PACl dosing in the Centridry feed as well. 
 
This well-considered but unconventional practice until now (since, to our knowledge, so 
far no comparable industrial application of PACl is known) was based on prior 
operational (coincidental) observations. Based on a daily detailed process follow-up 
over the years, it was inferred that the addition (removal) of the flotation sludge, 
containing the PACl, to the main WAS feed of the Centridry® had been beneficial 
(detrimental) for the daily operation of the dryer, formally evidenced by the statistical 
analysis of the sludge dryer fouling, visualized in Figure 7-6. For example, the on-line 
trend of the underpressure after the cyclone over a period of 12 days depicted in Figure 
7-7, for sludge with an SVI of 28 mL/g and a 63% inorganic fraction, illustrates well (i) 
the deteriorating effect of the lowering of the flotation sludge to the WAS, as result of 
an increased amount WAS purged from the biodegradation basins to the Centridry® feed 
tank, while the amount of flotation sludge remained constant, and also (ii) the positive 
effect of the direct addition of pure PACl into the Centridry® feed. 
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Effect of the PACl conditioning on the conveyance torque  
 
In the case of sludge with an SVI < 40-50 mL/g, it is observed that the direct addition of 
pure PACl to the sludge feed has a substantial effect on the hydraulic pressure of the 
screw conveyor in the centrifuge, which is proportional to its conveyance torque (Leung 
and Havrin, 1992). Even more, with this kind of sludge, it can be stated that pre-
conditioning of the sludge feed with pure PACl has become a prerequisite to be able to 
run the decanter centrifuge in a consistent way, with an acceptable hydraulic pressure 
showing a normal level of variation.This will be evidenced with two cases, depicted in 
Figure 7-8. The two graphs present, each for a 2-day period, the on-line measurement of 
the hydraulic pressure (in brown) and the accompanying differential speed (in red) of 
the screw conveyor (related with each other as depicted in Figure 1-4). The sludge feed 
is represented by the green trend. Additionally, Figure 7-9 shows the hydraulic pressure 
versus the solids throughput.  
 On July 7-9, 2010 (with sludge featuring an SVI of 30 mL/g and 65% 
inorganic fraction) the Centridry® was running at a volumetric flow of 6.5 
m³/h, equal to about 160 kg/h solids throughput, without PACl conditioning. 
However, remarkable variations were observed in the hydraulic pressure 
(conveyance torque) as can be discerned from the boxed data in the upper 
graph of Figure 7-8, including now and then unpredictable increases of the 
pressure. Then, the hydraulic pressure became suddenly too high (above a 
threshold of 130 bar) and the computer system automatically reduced the 
sludge feed with 1 m³/h (a safeguard to avoid mechanical damage). At that 
moment, the direct PACl dosing was taken into service, yielding a regular 
solids transport in the centrifuge and the feed was then increased without any 
issue to 7.2 m³/h. 
 In the month of September 2010 (with sludge characterized by an SVI of 30 
mL/g and 58% inorganic fraction), the Centridry® was running with direct 
PACl conditioning of the sludge feed at 6.5 m³/h corresponding to a solids 
throughput of 215 kg/h. However, the PACl storage container became empty. 
The subsequent depletion of PACl to the feed resulted in an uncontrollable 
hydraulic pressure (conveyance torque) of the screw conveyor as can be clearly 
observed from the boxed data in the lower graph of Figure 7-8. The difference 
in performance was remarkable. Because of the increased conveyance torque, 
the computer system automatically had to reduce the feed in two steps (right 
after each other) from 6.5 m³/h to only 4.5 m³/h. Operators then started to ramp 
up the Centridry® feed again to 5.0 m³/h. But, since the conveyance torque 
continued to vary a lot, once more, the feed was automatically reduced in two 
steps now to 3.0 m³/h. Remark that the capacity was already reduced with more 
than 50%. This cycle of feed ramp up and automatic reduction repeated again. 
Then, it was inferred that the cause of the observed problems was the emptied 
PACl container. After replacement with a full PACl tank, the feed was 
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increased to the initial 6.5 m³/h without any issue as demonstrated in the lower 
graph of Figure 7-8.   
 
 
 
Figure 7-8: Two illustrations of the effect PACl dosing has on the hydraulic pressure, or 
torque, of the screw conveyor (in brown) which transports the sludge cake in the centrifuge 
bowl. The corresponding differential speed is shown in red, and the sludge feed in green. The 
sludge was characterized by an SVI and inorganic fraction of respectively 30 mL/g and 65% 
(upper graph; July 7-9, 2010) and 30 mL/g and 58% (lower graph; September 19-21, 2010). 
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Figure 7-9: Effect of (no) PACl dosing on the hydraulic pressure, 
or conveyance torque, of the screw conveyor in the centrifuge, 
versus the solids throughput, for sludge with a SVI of 30 mL/g. 
 
The irregular sludge transportation in the centrifuge, reflected by a large variation of the 
differential speed, additionally causes more fluctuations in the amount of cake to be 
dried in the flash dryer. In particular when the differential speed is increased suddenly, 
e.g., from 2.5 to 5 rpm, this implies that roughly twice as much solids cake enters the 
dryer that moment. It is clear that this can cause a huge temperature drop right after the 
centrifuge. Sometimes a sudden drop in temperature to below 100°C is observed from, 
e.g., 160 °C to 80-90 °C. Product will then cling to the impact cone and the dryer wall 
as well, due to the limited entrainment and drying capacity of the hot gas stream to 
anticipate for the sudden doubled solids discharge in the dryer. 
 
The recorded conveyance torque provides a measure of the rheology of the sludge cake 
in the decanter centrifuge (Leung, 1998b). The significant increase in conveyance 
torque, observed in the case of sludge with an SVI < 40-50 mL/g and without PACl 
conditioning, provides evidence that the sludge reaches already inside the decanter 
centrifuge the critical cake dryness whereby its pasty consistency causes the conveyance 
torque to rise very steeply. As can be discerned from Figure 7-9, e.g., at 150 kg/h solids 
throughput, the effect of the dramatic change in rheological consistency on the 
conveyance torque is clearly visible: instead of attaining a maximum hydraulic pressure 
of 105 bar in the case of PACl conditioning, the pressure can rise to a value as high as 
135 bar for the same sludge, but without PACl. When sludge is dewatered to a high 
extent in the centrifuge, its pasty consistency causes it to stick onto the flights of the 
screw conveyor, which then starts to rotate rather as a plug between the scroll flights. 
The screw conveyor tends to start plugging, reflected in the gradually increasing 
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conveyance torque, best seen in the boxed trends of the lower graph of Figure 7-8, to get 
the cake out of the centrifuge. This is, ultimately, attained by increasing the differential 
speed between bowl and conveyor. It is noteworthy that this feature of conveyor 
plugging by sticky material in the case of an SVI < 40-50 mL/g is also observed in case 
the feed is stopped, as exemplified in the left graph of Figure 7-10: instead of a 
continuously decreasing hydraulic pressure as the bowl is emptied (graph at the right 
side of Figure 7-10), the hydraulic pressure can remain for hours at higher level 
indicative for the pasty cake plugging between the scroll flights, this way just rotating 
with the screw conveyor instead of being transported out the centrifuge. The differential 
speed is increased then from 1 rpm to 10 rpm to remove the sticky material.  
 
 
Figure 7-10: Time trend (over 12 hours) of the hydraulic pressure (in brown) 
after stop feeding the centrifuge (indicated with an arrow) in the case of (i) 
sticky cake plugging between the scroll flights (left graph) and (ii) non-sticky 
material (at the right). To better remove sticky cake, the differential speed is 
increased from 1 rpm (standard applied when no sludge is fed) to 10 rpm. 
 
It can be questioned why this phenomenon of uncontrollable increase of the hydraulic 
pressure, indicative for a pasty sludge cake appearing already in the centrifuge, is a 
salient feature for sludge with an SVI < 40-50 mL/g, whereas it is not for sludge with 
higher SVI’s. The reason is that for sludge with a high SVI, the sticky issues appear 
only in the subsequent drying step, and not yet in the dewatering step. Conceivably, this 
can be attributed to the kinetics of the centrifugal dewatering. In the case of the high 
SVI (low inorganic fraction), the water release rate of the sludge during dewatering will 
be lower. This will thus yield a cake dryness in the field (after typically 7-8 minutes of 
residence time in the decanter centrifuge) deviating more from the one obtained at 
equilibrium in the lab (and hence deviating more from the dryness at the transition from 
a liquid to a plastic state) than in the case of a low SVI (high inorganic fraction). The 
increased dewatering rate due to an increased inorganic fraction is reported in the work 
of Zhao (2002) and Lai and Liu (2004). Similarly, the increased rate of water release 
from the sludge with higher inorganic fractions, as well as with higher clay dosing, was 
shown in the past by means of CST measurements (Peeters and Herman, 2007).  
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The positive impact of the PACl preconditioning on the Centridy® performance (both on 
the conveyance torque in the centrifuge, and on the dryer fouling) lies in its capacity for 
ameliorating the sludge stickiness characteristics, as discussed in Chapter 6. The salient 
steep incline of the conveyance torque in the centrifuge for sludge with an SVI < 40-50 
mL/g, when no PACl dosing is applied, corroborates the demonstrated sensitivity of the 
physical consistency on the cake dryness. 
 
7.2.4 Effect of the aging of diluted PACl at acid pH 
 
Finally, a very interesting plant experiment was conducted of which the results further 
substantiate the proposed mechanism in Paragraph 6.4.4 regarding the mitigating effect 
of PACl on the sludge intrinsic stickiness. Only for the sake of the interpretation of this 
one particular plant experiment, it is justified to provide some more detail on the feed 
streams of the Centridry® compared to the general flow scheme depicted in Figure 1-2. 
The flotation sludge removed from the DAF unit is collected in a collector tank, and 
pumped together with the main WAS stream (coming from the clarifiers) to a large 
biosludge storage tank, as shown in the upper scheme A of Figure 7-11. This mixture is 
then conditioned with clay, and direct PACl dosing in the case of a low SVI, in a 
separate feed tank towards the Centridry®.  
In the middle of February 2011, with sludge featured by a very low SVI of 16 mL/g and 
an inorganic fraction of 71%, the following modification was done, while feeding 5.2 
m³/h to the Centridry®, equivalent with a solids throughput of 235 kg/h. In analogy with 
the administered direct PACl dosing in the feed tank, right before entrance of the sludge 
in the Centridry®, the same amount of PACl (10 L/h) was added in the collector tank of 
the DAF unit together with 0.5 m³/h of final treated water (to increase the volume to be 
pumped; as some kind of carrier liquid), as depicted in the lower scheme B of Figure 7-
11. Every 1.5 hour, part of the content of the collector tank (i.e., the diluted PACl 
solution) was pumped into the main WAS stream coming from the clarifiers, towards 
the biosludge storage tank. Then, before stopping the direct PACl conditioning (scheme 
A) and to continue to operate only with the indirect PACl dosing (scheme B), which 
was the purpose of the plant experiment, two days beforehand, in addition to the direct 
PACl addition, the PACl addition in the DAF collector tank was initiated to supply the 
sludge in front of the Centridry® (in the biosludge storage tank and the feed tank) with 
this indirectly added PACl. Thus, during these two days of overlap, PACl was added via 
both the DAF collector tank (10 L/h) and directly in the feed tank (10 L/h as well). 
Then, the direct PACl dosing into the feed tank was stopped, from then on only 
providing indirectly PACl to the sludge feed following scheme B. Figure 7-12 depicts 
the time-trends of the decanter centrifuge over 12 hours, with the first vertical line 
indicating the point in time where the direct addition was stopped. 
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Figure 7-11: Conceptual representation of the plant experiment (scheme B) 
whereby 10 L/h of PACl was added in the DAF collector tank together with 0.5 
m³/h of final treated water, instead of adding the same amount of PACl directly 
in the sludge feed tank to the Centridry® (scheme A; standard practice). 
 
 
 
 
Figure 7-12: Time trend (over 12 hours) for the plant experiment wherby 
10 L/h PACl was added (i) directly to the sludge feed in its pure form 
(referred to as Scheme A; standard direct PACl dosing) and (ii) indirectly 
via the collector tank of the DAF unit, together with 0.5 m³/h final treated 
water (Scheme B). Scheme A and B are represented in Figure 7-11. 
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It can be discerned from Figure 7-12 that, markedly, the hydraulic pressure (conveyance 
torque) of the screw conveyor started to increase about one hour after the stopping of 
the direct PACl dosing, in accordance with the sludge residence in the feed tank, and, 
hence, well in accordance with the depletion of the sludge still conditioned with the 
prior direct PACl dosing. Moreover, further on, the hydraulic pressure showed again its 
large variation with a large peak up to 134 bar. The accompanying increase in 
differential speed (from about 2.5 to 5 rpm) caused a sudden temperature drop in the 
dryer from 180°C to 90°C. Then, only after 4.5 hours of running the Centridry® without 
the direct PACl addition, it was already decided to turn on again the direct PACl dosing 
(indicated with the second vertical line in Figure 7-12). Subsequently, again about one 
hour later, the hydraulic pressure turned back to its level (and variation) as before the 
start of the plant experiment. 
This plant experiment reveals that the way of PACl dosing is of paramount importance: 
to warrant the positive effect of the superstructures of PACl is must be added directly to 
sludge at neutral pH. In scheme B, the PACl remained for 1.5 hour in the DAF collector 
tank, diluted in water at a measured low pH of 4. According to Zhao et al. (2009), and 
as depicted in Figure 2-11, aging of a diluted PACl solution at a low pH is detrimental 
as it results in a reduction of the degree of polymerization. It is argued then that due to 
the aging process under acid conditions in the DAF collector tank, the Al 
macromolecules were decomposed into smaller Al species, losing their adhesiveness 
reducing impact on the sludge during the plant experiment, again providing emerging 
evidence for the proposed mechanism in Paragraph 6.4.4. 
Finally, it should be mentioned that these findings are not in contradiction to the 
demonstrated positive effect of the indirect PACl dosing (as well) to the Centridry® feed 
via the flotation sludge. Since, the 15 to 20 L/h of PACl dosed to the 300 m³/h final 
effluent at the DAF unit does not affect the neutral pH. The PACl that is bound to the 
sludge in the DAF unit (about 70% of the administered PACl, as aforesaid in Paragraph 
5.4.1) is subsequently removed on the surface of the DAF unit to finally end up in the 
DAF’s collector tank, at neutral pH, and finally in the feed stream to the Centridry®. 
 
7.3 Conclusion 
Firstly, it is emphasized that the approach demonstrated in this chapter, using the binary 
logistic regression tool to gain insight in the fouling (not) appearing in the Centridry® to 
allow better process control of the stickiness phenomenon herein, is generic. It can be 
used to model other binary phenomena as well that are encountered in the (bio-) 
chemical industry like, for instance, piping or pump blockage or reactor fouling. Binary 
logistic regression offers a systematic way to make these binary phenomena (and hence, 
almost by definition, less ‘preferred’ process phenomena because they are not 
continuous) tangible, this way allowing to gain more insight in the underlying possible 
causes. 
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The outcome of the statistical analysis of the dryer fouling (Figure 7-6), based on a data 
base covering almost 5 years of operational experience with the Centridry®, has clear 
practical implications since it shows how to manage the (intricate) stickiness issue 
during the course of sludge drying, and, moreover, in the case of extremely well 
compacting sludge, already during its mechanical dewatering. Conclusively, following 
control strategy is followed, depending on the sludge characteristics: 
(i) for sludge with an SVI between 120 and 40-50 mL/g, corresponding with an 
inorganic fraction ranging between 15 and 50-55%: by controlling the sludge 
dryness at the early stage of the dryer, one controls the place where the sludge 
goes through the sticky phase in the dryer. To this end, in the case of sludge 
with an increased (CaCO3) inorganic fraction (it then starts to dewater better as 
depicted in Figure 5-12), the clay dosing is reduced (compensating for the 
mentioned improved dewaterability), so that the solids dryness at the beginning 
of the dryer is still low enough to avoid the solids going through a too pasty 
consistency at that position; 
(ii) for sludge with an SVI between 40-50 and 15 mL/g, corresponding with an 
inorganic fraction ranging between 50-55 and 90%: the intrinsic stickiness 
behavior of the sludge needs to be reduced by the direct addition of PACl to 
the sludge feed (at a ratio of 100 g PACl/kg MLSS) to keep the stickiness in 
control, as depicted in Figures 6-7 and 6-12. This sludge is dewatering so well, 
that it already reaches the dryness whereby it (without PACl conditioning) 
causes serious peaks in the conveyance torque of the screw conveyor inside the 
centrifuge as illustrated in Figures 7-8 and 7-9. This is indicative for the 
appearance of the sticky consistency shifting ‘forward’ from drying stage to 
already the centrifugal stage. So, this control strategy is not “postponing” the 
sticky phase, but it is dealing with it during the dewatering stage. 
 
In addition, emerging evidence was found for the (in Paragraph 6.4.4) proposed 
mechanism for the stickiness reducing effect of PACl. In the case diluted PACl is firstly 
aged for 1.5 hours at a low pH of 4, the resulting Al solution does not show the same 
positive effect for the Centridry®, which, based on literature, is attributed to the loss of 
the larger polymeric species and clusters prior to its actual usage.  
In this chapter, also the huge effect of the centrifuge bowl speed was shown on the 
vibrational performance of the decanter centrifuge. A relatively small decrease of the 
bowl speed with barely 100 rpm on a total of 2800 rpm can reduce the vibrations 
signficantly. With a complex system as a loaded decanter centrifuge, the effect of the 
bowl speed needs to be verified in practice. It must be noted that the reduction of the 
bowl speed from initially 3165 rpm (before the optimization) to 2500 rpm (after the 
optimization) will have a positive influence as well on the sludge cake transportation. 
Certainly in the case of sludge characterized by a very low SVI (in the past handled 
without direct PACl and, standardly, high clay dosing), the designed maximum bowl 
speed will have caused major operational issues in the past. 
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Chapter 8  
 
General conclusions and recommendations 
 
8.1 General conclusions 
 
Centridry® technology review: benefits and drawbacks 
 
At the industrial WWTP of Monsanto in Antwerp, Belgium, the Centridry® technology 
is used to reduce the water content of the excess sludge from about 97 to 5% to 
minimize its related downstream costs for transportation and incineration. In one 
enclosed machine, the centrifugal dewatering and flash drying of sludge is combined. 
The benefits of this technology are legio since it has a very simple lay-out without any 
need for intermediate storage or conveying of the dewatered sludge cake before feeding 
it to the next drying stage. Even more, the dewatered cake, once discharged from the 
decanter centrifuge, actually does not exist as such because the dewatered cake is 
immediately disintegrated upon hitting an impact cone surrounding the cake discharge 
end of the centrifuge, rendering the cake into a fine solids spray; the fine-grained 
particles are then simultaneously entrained in a hot gas stream to immediately start 
drying.  
This continuous transition from centrifugation to drying, taking place at the first 0.5 m 
(from a total of 38 m) of the flash dryer, is what makes the Centridry® a unique 
technology, but it is also its proverbial Achilles’ heel. In particular with continuously 
changing sludge characteristics (which is definitely the case at this WWTP, as 
summarized below), there exists a thin line between superb and inferior performance. 
The latter is caused by the peculiar phenomenon of solids build-up (fouling) on the 
impact cone and the first 0.5 m of the dryer wall. In the past, the fouling hampered the 
system process reliability which in turn was reflected in a lower solids throughput.  
A serious, but inherent, drawback of the Centridry®’s unique design lies in the fact that 
the sludge cake leaving the centrifuge is never seen, and thus never analyzed, which 
makes optimization particularly difficult. It is therefore legitimate to say that the 
Centridry® is a black-box where liquid sludge is pumped into, and, when everything 
goes well in transit, dry-dust solids come out. A major part of this thesis was, therefore, 
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devoted to make the sludge dewatering in the centrifuge, as well as the fouling 
mechanism in the dryer, visible and tangible by means of new lab tests and a statistical 
analysis of the sludge dryer fouling as a function of the sludge feed characteristics. By 
linking all the pieces of information gathered, a control strategy (discussed below) was 
deduced for the black box, shown to be effective in mitigating the fouling issue, 
yielding a significantly higher biosolids throughput.  
Conclusive, the Centridry® is an excellent sludge handling technology for sludge with 
constant characteristics (with its optimized settings), as well as in the case of always 
changing sludge, at least, if one knows how to steer the system to reduce the intricate 
fouling issue. 
 
General conclusion 
 
In our study, we focussed on the mechanisms that cause the sludge settleability to 
change over time, and how the changes in sludge floc characteristics subsequently 
influence the performance of the Centridry® installation. A comprehensive insight of the 
interrelationships that were found to exist between changes in the influent of the 
WWTP, the sludge characteristics and the performance of the centrifuge-dryer system is 
depicted in Figure 8-1. The main findings from this thesis are summarized below. 
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In Chapter 4, the central role of Ca++ ions in the wastewater on the sludge flocculation 
process was demonstrated emphatically by means of a 3-year detailed follow-up of the 
cations and the sludge settleability. Two mechanisms were distinguished by which Ca++ 
ions influence the bioflocculation. Firstly, in accordance with the Divalent Cation 
Bridging Theory (DCBT), the Ca++ ions exchange monovalent cations like Na+ from the 
negatively charged flocs, this way bridging individual flocs and stabilizing the overall 
floc structure. It was empirically deduced that the SVI at this WWTP starts to 
deteriorate in the case the mono-to-divalent cation ratio (M+/D++) in the water is above 
circa 7. The exchangeable Ca++ fraction on the flocs was quantified to be 0.7 (± 0.1) 
meq/g VSS. Secondly, the low soluble CaCO3 precipitates from the water with these 
Ca-solids being enmeshed in the floc matrix, making the flocs heavier. It was 
demonstrated that the amount of Ca++ present in the flocs as CaCO3 can be as high as 76 
meq/g VSS in the case of an 82% sludge inorganic fraction. The two Ca++ pools in the 
floc structure (exchangeable Ca++, and Ca-solids) play an important role in the sludge 
settling ability, expressed in terms of the sludge volume index (SVI). An increase of the 
sludge inorganic fraction from 15 to 70% lowers the SVI from 90 to 20 mL/g on 
average. SVI and sludge inorganic fraction are closely related with each other. In 
addition, the observed variation of the SVI at a certain inorganic fraction was mainly 
attributed to the exchangeable Ca++ fraction. In the extreme case of an inorganic fraction 
beyond 70% and even up to 90%, the SVI remains 20 ± 4 mL/g, independent of the 
bridging Ca++ fraction. It was further shown that in the case of a Ca++ depletion from the 
wastewater, as a result of the shutdown of the single Ca++ supplying plant on site, an 
increase of the SVI above 90 mL/g, and related TSS losses from the clarifiers, can be 
avoided by adding CaCl2 to the biology, this way controlling the sludge settleability. 
The sludge inorganic fraction has a major impact on the working of the Centridry® since 
it affects both the sludge dewaterability and the sludge sticky behavior. In Chapter 5, 
the former was studied by means of a novel spin tube test protocol introduced in the 
Monsanto lab, to simulate the dewatering taking place in the decanter centrifuge, this 
way tackling an important part of the Centridry® black box. Approximately 500 
compaction curves were obtained over a 4-year period. The cake dryness at a 
compaction stress of 20 kPa under equilibrium rises from about 17 to 28% DS when the 
sludge inorganic fraction increases from 30 to 70%. Furthermore, beyond a 55% 
inorganic fraction, dryness increases with a steep slope. In that case, a reduction of the 
clay addition does not affect the obtained dryness anymore, whereas below 55% 
inorganics, the centrifugal dewaterability can be controlled by the adaptation of the clay 
dosing. Both the clay powdery material and the CaCO3 precipitates serve as skeleton 
builders for the sludge, so that a rigid lattice structure is formed which remains porous 
under high pressure during the centrifugal dewatering, allowing more water to be 
squeezed out the compacting sludge. Next, in Chapter 6, the sticky behavior of drying 
sludge was studied. The drying of sludge is troublesome because its consistency 
resembles that of a pasty material when it is partially dried, turning it in a product that 
likes to cling onto the dryer wall. The range of dryness wherein the sludge behaves most 
sticky is defined as its sticky phase. This sticky phase is the problematic feature in the 
drying process of activated sludge worldwide, yet despite its obvious key role, going 
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through the literature we came across sparse (and, moreover, confusing) information on 
this topic. As a consequence, a new lab protocol was introduced in the lab to map the 
gluey character of the Monsanto sludge when the water is gradually reduced. This is 
another piece of information that is considered as an absolute prerequisite for the 
unravelling of the peculiar fouling phenomenon in the mentioned black box. The water 
content of the sludge is definitely the governing factor for the sludge physical behavior. 
In the case of a 50% inorganic fraction, the sticky phase is situated from about 25 to 
40% DS, and this range shifts to 45 to 60% DS in the case of a higher 70% inorganic 
fraction. A plausible explanation theretofore is found in the lower amount of organic 
material, and, hence less biopolymers (EPS), related with the higher inorganics. Since, 
this requires then a higher dryness for the biopolymers to reach the same viscoplastic 
characteristics, compared to a sludge comprised of a high amount of EPS which already 
attains its maximum stickiness at lower dryness. Furthermore, the salient feature of 
polyaluminiumchloride (PACl) conditioning on the mitigation of the sludge intrinsic 
stickiness was demonstrated. Instead of exerting a more sticky behavior with increasing 
dryness, as is the case for untreated sludge, from a certain dryness on, the stickiness of 
the PACl conditioned sludge diminishes with increasing solids dryness. It is postulated 
that this beneficial effect is due to the large clusters of bound hydration water 
(associated with the super aluminium structures of PACl) that are built on the exterior 
of the secondary flocs, which then act as a type of lubrication as they become more and 
more the first contact of the flocs with the wall (when the free water is gradually 
removed during drying, and the bound hydration water is not). It is assumed that these 
‘shields of hydration water’ guide the underlying sticky EPS through the dryness range 
wherein the EPS otherwise would cause the sticky issues. The invention of this brand 
new application of PACl as a sludge conditioner before dewatering and drying has clear 
practical implications for the Centridry®, and, moreover, it can be expected to do so for 
other sludge drying installations in the future. 
Finally, in Chapter 7, it was described how the vibrations of the decanter centrifuge are 
reduced by lowering the centrifuge bowl speed from 3165 to 2500 rpm. Next, an 
empirical model was obtained based on a 5-year data base with operational experience 
of the Centridry®. The two ways of managing the stickiness in the Centridry® black box 
(depending on the sludge characteristics) underlined in this model are of interest as they 
demonstrate the essential role played by the water content, and the kind of water in the 
sludge cake (as assumed in the case of the PACl conditioning). In the case of sludge 
with an inorganic fraction below 55% (SVI above 40-50 mL/g), the sludge dryness at 
the end of the centrifuge, or beginning of the dryer, is controlled to subsequently control 
the place in the black box where the sludge solids go through their sticky phase. More 
specifically, the clay ratio is reduced from 0.3 to 0.1 kg clay/kg MLSS in the case the 
sludge inorganics increase from 30 to 55%, this way lowering the dryness baseline of 
the dewatered cake, and thus compensating for the sludge’s ‘naturally’ improved 
dewaterability. This control strategy is aimed for the solids to go through their most 
sticky behavior only after they passed the first fouling-sensitive 0.5 m of the dryer. 
However, when a higher amount of CaCO3 is enmeshed in the sludge, yielding an 
inorganic fraction beyond 55% (SVI below 40-50 mL/g) and inherently increasing 
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‘naturally’ sludge dewaterability, the intrinsic sludge stickiness is kept under control by 
the direct dosing of pure PACl to the sludge feed at a rate of 100 g PACl/kg MLSS. 
Conditioning of the sludge with PACl is then a prerequisite to operate the Centridry® 
because otherwise serious conveyance torque peaks are experienced in the decanter 
centrifuge.  
It is also emphasized that the approach demonstrated in Chapter 7, using the binary 
logistic regression tool to gain insight in the fouling (not) appearing in the Centridry®, is 
generic. Indeed, this valuable statistical tool offers a systematic way to turn a binary 
(and thus, almost by definition, less preferred) process phenomenon (like, for instance, a 
piping or pump blockage) into a tangible model, that makes it possible to generate 
hypothesis for the underlying root cause of the phenomenon, which can be furher 
verified. 
 
Finally, in a direct answer to the two main goals set at the beginning of this research as 
outlined in Section 1.4: (i) it was demonstrated that the SVI can be kept under control 
by CaCl2 dosing at the WWTP itself to avoid solids losses from the clarifiers, and (ii) 
the Centridry® biosolids throughput has increased substantially as can be discerned from 
Figure 8-2 where the monthly capacity is depicted for the last 6 years. In terms of 
biosolids throughput (averaged over 365 days) following increase has been realized: 
from 77 kg/h in 2005-2006 (i.e., before the actual optimization; equivalent to 39% of 
the designed capacity), to 100 kg/h in 2007 (after eliminating the centrifuge vibrational 
botteleneck) and 140 kg/h in 2008 (after reducing the clay ratio from 0.3 to 0.1). 
However, in 2009, a clear relapse of the capacity to 107 kg/h was observed as result of 
an SVI of 35 mL/g on average (that is, below the 40-50 mL/g threshold as 
abovementioned). Therefore, at the end of 2009, the direct PACl dosing into the sludge 
feed was started which increased the capacity significantly to 160 kg /h in 2010 (and the 
beginning of 2011), still with the same average SVI of 35 mL/g as the year before. 
Notably in December 2010, during the 28 operational days, a remarkable capacity was 
demonstrated of 250 kg/h (and 12 kg clay/h) which equals 125% of the designed 
capacity. Finally, in February 2011, during a capacity test, a 3-day capacity was 
demonstrated of 286 kg/h biosolids throughput (and 12 kg clay/h), equivalent with 
143% of the designed Centridry® capacity. Notwithstanding this extremely high 
capacity, the final dried solids still had a dryness of 98% DS. This can be attributed to 
the extremely well compacting cake in the centrifuge (which, as a true contradiction, 
would cause conveyance torque peaks without the PACl treatment and would thus 
significantly reduce the solids throughput) restricting the volume of water to be flash-
dried from the cake solids. Some initially exploring laboratory tests have shown first 
evidence that the drying kinetics of the Monsanto sludge improves thanks to the direct 
PACl dosing, possibly or at least partially explained by the absence of a crust formation 
at the outside of the drying solid particles which otherwise would block water 
movement (Léonard, 2011). But more research is needed here to be more conclusive. 
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Figure 8-2: Centridry® biosolids throughput (Ton/month) with indication of the optimization 
efforts (bowl speed reduction, clay reduction, introduction of direct dosing of pure PACl). 
The circles indicate the average monthly biosolids throughput in a calendar year. 
 
Another beneficial feature of the Centridry® optimization is the substantial reduction of 
the carbon footprint for the total waste sludge handling, because less WAS has to be 
dewatered with the in parallel operated filter presses on site, which yield only 40% DS 
(Peeters et al., 2009c). 
 
8.2 Recommendations 
This thesis has focused on the centrifugal dewatering characteristics of the sludge, in 
combination with the information of the sticky phase. The drying characteristics of the 
sludge, however, have been excluded, and this part certainly deserves more attention as 
it could bring more insight, for instance, on the effect of the hot drying gas stream 
temperature. Also the effect of the PACl dosing on the sludge drying kinetics needs 
further research. In the case PACl treatment also improves the sludge drying process, 
this would add an additional benefit to the use of PACl as a sludge conditioner prior to 
dewatering and drying. 
 
Next to the investigated maximum achievable cake dryness reached after 45 minutes of 
sludge compaction, additional knowledge of the centrifugal dynamics (i.e., the cake 
dryness at a series of shorter centrifugation times) for the different sludge compositions 
would provide further insight in the relationship between the activated sludge’s SVI, 
dryness and stickiness. More specifically, evidence could be inferred why sludge with a 
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low SVI (high inorganic fraction) does reach the dryness in the decanter centrifuge 
(after 7 to 8 minutes of compaction), by which it behaves sticky that torque issues arise 
in the centrifuge (whereas torque issues do not arise for sludge with a high SVI), as 
pointed out at the end of Paragraph 7.2.3. For this, a more sophisticated means of 
essentially the same compaction test is to use a Lumifuge which is, e.g., used in the 
research conducted by Curvers et al. (2009a, 2009b). A description of this proprietary 
lab equipment is found in the handbook of Wakeman and Tarleton (2005). This 
analytical centrifuge, with its integrated opto-electronic sensor system, allows changes 
of light transmission to be traced throughout the sample tubes during rotation. As the 
boundary between supernatant and consolidating cake can be traced, the dynamic 
behavior of the sludge can be investigated. The arrangement of strobe light to allow for 
continuous observation of the sludge compaction in a test tube centrifuge could form an 
alternative (Sanin et al., 2011). 
 
It is shown that the exchange of the DCBT-Ca fraction from the flocs by smaller Al 
species upon PACl conditioning is not the main cause for the PACl mitigating effect on 
the sludge stickiness. The sole effect, however, on the stickiness of a disintegrated floc 
structure by exchanging the DCBT-Ca with Na+, compared to the stickiness of a Ca++ 
fortified sludge (with the DCBT-Ca on place), would also be interesting to investigate 
as it could provide additional information on the stickiness phenomenon. In Paragraph 
6.4.2, an attempt theretofore was already made, but the lab conditions (M+/D++ and/or 
cation exchange time) were not stringent enough. 
 
Current research is going on to verify how the amounts of CaCO3 precipitates in the 
biodegradation basins could be tempered because most recent operational experience at 
the Monsanto Antwerp WWTP with an SVI < 20 mL/g has indicated that this kind of 
sludge settles so well that it is hard to keep the flocs in suspension, particularly in the 
anoxic compartment. Moreover, the higher amounts of inorganics increase the sludge 
(solids) production and thus the sludge handling cost substantially.  
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